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See TION BY FURACIN OF CITRATE FORMATION IN 
TESTIS PREPARATIONS* 


| By M. F. PAUL, H. E. PAUL, FRANK KOPKO, MELVIN J. BRYSON, 
A and CATHERINE HARRINGTON 


rom the Division of Biology, Eaton Laboratories, Inc., Norwich, New York) 
(Received for publication, July 2, 1953) 


' Preliminary studies (1) have shown that inhibition of mammalian tissue 
ietabolism in vilro by the nitrofuran, Furacin,! occurs with tissues such as 
and testis, which are the tissues most dependent on glucose for main- 
Menance of oxygen consumption. It was indicated that this interference 
gurred in the oxidation of pyruvate, probably near the point of entry 
to the tricarboxylic acid cycle. Interference by Furacin with citrate for- 
mation from oxalacetate in vitro by testis and brain tissue was reported 
2,3) recently. Interference was noted under both aerobic and anaerobic 
Monditions with these tissues, but was much greater under anaerobic con- 
tions (3). 
| The formation of citrate has been shown to be the result of the condensa- 
lion of “active acetate” with oxalacetate (4). In animal tissue, ‘active 
wetate” may presumably be formed either from pyruvate (5) by reaction 
)? 
Pyruvate + CoA + DPN = acetyl CoA + DPNH + CO, 
from acetate (6) by reaction (6), 
Acetate + CoA + ATP = acetyl CoA + AMP + pyrophosphate 
» Then, by reaction (c) citrate is fo.med. 
Acetyl CoA + oxalacetate + HOH = citrate + CoA 


The studies reported here were undertaken to determine the comparative 

bets of certain nitrofurans, antibacterial agents, enzyme inhibitors, and 

tro compounds on citrate formation and to determine more precisely the 
int of inhibition by Furacin. 


\ * These studies were presented in part at the Second International Congress of 
hemistry, Paris, July, 1952. 
Brand of nitrofurazone, “New and nonofficial remedies,” 5-nitro 2-furaldehyde 
icarbazone. 
pa _ following abbreviations are used: CoA, coenzyme A; acetyl CoA, acetyl co- 
; e A; DPN and DPNH, oxidized and reduced diphosphopyridine nucleotide; 
‘TP, iitnsizinhcaphate: AMP, adenosinemonophosphate; Tris, tris(hydroxy- 
hy! )aminomethane. 
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Methods 


Testis tissue was removed from healthy adult albino rats immediately 
after decapitation. The tissue was chilled in a beaker containing cold 
1.15 per cent KCl. The testes were decapsulated and the tubules forced 
through a 40 mesh stainless steel screen into cold 1.15 per cent KCl. The 
tissue was diluted with KCl solution so that 2 ml. of the suspension con- 
tained about 500 mg. wet weight (approximately 50 mg. dry weight) of 
testis tissue. 

Oxalacetic acid was prepared by the method of Heidelberger and Hurl. 
bert (7). The product was stored in the refrigerator and dissolved and 
neutralized with KHCO; immediately before use. 

Acetyl CoA was prepared from bakers’ yeast as described by Lynen, 
Reichert, and Rueff (8). Crude pigeon liver enzyme (9) was prepared for 
the study of sulfanilamide acetylation reactions. Fraction A-40 of crude 
pigeon liver enzyme was separated by acetone fractionation (10). A pigeon 
liver enzyme was also prepared by 50 to 80 per cent acetone precipitation 
(8) for the acetylation of sulfanilamide with acetyl CoA. An extract of 
the acetone powder of rat testis tissue was prepared as described for pigeon 
liver (9). Incubations were carried out in the Dubnoff (11) apparatus. 

Citrate was determined by the method of Natelson et al. (12). Sulfanil- 
amide acetylation was determined by the diazotization method (13). 


EXPERIMENTAL 


Effect of Furacin and Other Compounds on Citrate Formation by Testis 
Tissue 


The effects of Furacin and other antibacterial agents, enzyme inhibitors, 
and nitro compounds chosen for comparison on the formation of citrate 
‘from oxalacetate by testis tissue were determined. The results appear in 
Table I, together with the conditions of the experiment. Furacin and two 
other nitrofurans of similar activity were the most effective inhibitors of 
this reaction. Of the compounds chosen for comparison, the —SH_ in- 
hibitors, iodoacetate and p-chloromercuribenzoate, showed activity only 
at relatively high concentrations. Other antibacterial agents (antibiotics 
and sulfamethazine) showed little or no activity even at concentrations 
1000 times that of Furacin, with the exception of chloramphenicol which 
showed activity at 50 mg. per liter. Of the aromatic nitro compounds 
studied, trinitrotoluene was about one-fifth as active, dinitrophenol about 
one-twenty-fifth as active, and chloramphenicol was about one-thousandth 
as active as Furacin. On the basis of these observations it may be con- 
cluded that the action of Furacin and the other nitrofurans is a rather spe- 
cific one and that further studies to elucidate this action were warranted. 
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The inhibition of citrate formation by Furacin was found to be readily 
reversible. During a 15 minute exposure of testis tissue to Furacin (0.1 
mg. per liter) 50 per cent inhibition of citrate formation was found. Wash- 
ing the tissue with the buffer solution and replacement of substrate resulted 


TABLE I 


Inhibition of Citrate Synthesis under Anaerobic Conditions (Testis Tissue) 


Compound Concentration Inhibition 

mg. per l. per cent 
Furacin (5-nitro-2-furaldehyde semicarbazone) 0.02 30 
0.05 45 
0.10 54 
Furadantin (N-(5-nitro-2-furfurylidene)-1-aminohydan- 0.02 17 
toin) 0.05 | 27 
0.10 36 
NF-180 (N-(5-nitro-2-furfurylidene) -3-amino-2-oxazoli- | 0.02 | 23 
done) 0.05 30 
0.10 36 
lodoacetate 100.0 | 49 
p-Chloromercuribenzoate 25.0 10 
50.0 | 54 
Chlorotetracycline (Aureomycin) | 100.0 | 0 
Streptomycin | 100.0 6 
Penicillin G (K salt) 100.0 8 
Chloramphenicol 50.0 35 
Sulfamethazine 100.0 20 
Trinitrotoluene 0.10 35 
0.25 41 
0.50 51 
Dinitrophenol 1.0 35 
2.5 54 
25.0 83 


System, K,HPO, buffer, pH 7.4, 0.1 m; KCl 0.06 m; approximately 500 mg. of testis 


tissue; total volume 5 ml.; 37°; 1 hour; Ne. Average citrate formation in control 


flasks, 31 > per mg. of tissue per hour. Early experiments indicated that it was un 
necessary to add sodium monofluoroacetate as an inhibitor of citrate breakdown with 
testis tissue. 


in later citrate production in the Furacin-treated tissues equal to that in 
comparably handled control tissue. Added cysteine or glutathione had no 
effect on Furacin inhibition. 


Effect of Furacin on Acetylation of Sulfanilamide 


Acetylation of sulfanilamide from acetyl] CoA with the fractionated pi- 
geon liver extract as described by Lynen et al. (8) was carried out in the 
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presence and absence of Furacin. The effect of Furacin on the acetyla- 
tion of sulfanilamide by crude pigeon liver enzyme (9) with acetate as a 
substrate was studied under both aerobic and anaerobic conditions. The 
results appear in Table II. Even at high concentrations of Furacin, the 
inhibition observed is negligible. These data indicate that Furacin inhib- 
ition does not occur in the formation of acetyl CoA from acetate, ATP, and 
CoA or in the transfer of the acetyl group from acetyl CoA to sulfanila- 


Tasuie II 
Effect of Furacin on Acetylation of Sulfanilamide 





; , ; ; Sulfanil- Inhibj- 
Enzyme system Acetyl source Furacin| amide pany 
acetylated | ton 
| mg. perl. ¥ | per cent 
B, pigeon liver (50-80% | Acetyl CoA 0 | 8.9 
acetone) (8)* | “ 5 | 7.9 | ll 
| sc rT t 0 8.1 
| m ele 50 8.1 0 
La, crude pigeon liver | Acetate + ATP + CoA 0 | 40.4 
(9)* | 66 “ ~~ 10 40.8 | 0 
| ~ » © a 50 | 34.6 | 14 
Ln, crude pigeon liver | " eS Ze 0 59.4 
(9)* e >. + * | 10 61.4 0 
- + “* + * 50 55.6 | 6 


System B, 0.1 um of sulfanilamide; 10 um of pyrophosphate buffer; 400 y of acetyl 
CoA preparation, activity 5.7 y of “active acetate’’ per mg.; 4 um of cysteine hydro- 
chloride; 0.04 ml. of enzyme solution; total volume 0.25 ml.; 35°; 1 hour; air. 

System La, 0.4 um of sulfanilamide; 25 um of Na acetate; 4 um of K ATP; 20 un of 
Na citrate; 80 um of freshly prepared NaHCO;; 10 um of cysteine hydrochloride; 2.5 
units of CoA (Armour); 0.25 ml. of aged enzyme; water to 1.4 ml.; 37°; 2 hours; air. 

System Ln, same as System La except anaerobic (N2). 

* Bibliographic reference number. 

} Cysteine omitted. 





mide. However, the acetylation of sulfanilamide involves activation of 
the carbonyl carbon of acetyl CoA, whereas the condensation of oxalace- 
tate with acetyl CoA for citrate formation involves activation of the methy] 
carbon. Analysis of the reactions involved in citrate formation, with a 
study of the effect of Furacin thereon, was next attempted. 


Influence of Furacin on Formation of Citrate with Various Sources of Acetyl 
CoA 


Fraction A-40 pigeon liver preparation (10) contains the enzymes neces- 
sary for the formation of acetyl CoA from acetate, ATP, and CoA, as well 
as condensing enzyme. This enzyme preparation was therefore considered 
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TaBLe III 


Effect of Furacin on Citrate Formation with Various Sources of Acetyl CoA 


Experi- 








Furacin | Citrate Inhibi- 
ment Enzyme source Acetyl source \concen- | forma- en 
No. | tration | tion 
perl. Y per cent 
l Pigeon liver Frac- Acetyl CoA 0 45 
tion A-40 (Chou! si " 50 | 42 6 
and Lipmann (10)) 
2 Same Acetate + ATP + COA | O 59 
m ee SR Bi 150 | 55 7 
3 Pyruvate + DPN + CoA 0 | O 
4 . | Oxalacetate + DPN + CoA | 0 0 
5 | Testis acetone pow- + ee ae | 0 49 
| der extract " i 0.3} 22 | 55 
6 Same | Malate + DPN+ CoA | O 0 
=—t | Acetate + ATP + “ | 0 28 
. “ } Fy * | 0.3 | 24 14 
eS als wi Cees ee | 0 89 
" - — = ie 1.0} 91 0 
~) * . ae 0 36 
” ee | 5.0] 32 11 
8a Pyruvate + DPN + CoA 0 33 
he ghey i - ”™ + “ 0.3; 21 36 
i les 7 eo 0 38 
fee - — + * 0.3] 21 45 
. " + * + * 0.9 8 | 79 
~ ’ ory + * 2.7 2 | 95 








Experiment 1, 8 um of oxalacetate, 4 mg. of acetyl CoA (5.7 y of ‘‘active acetate’’ 
per mg.), 0.1 ml. of Fraction A-40 pigeon liver enzyme, 50 um of Tris buffer, pH 7.2; 
final volume 1.6 ml.; incubation 1 hour; 37°; Ne. Experiment 2, 20 um of oxalace- 
tate, 100 um of acetate, 10 um of ATP, 22 units of CoA (Armour), 10 um of MgCle, 
0.3 ml. of Fraction A-40 pigeon liver enzyme, 200 um of Tris buffer, pH 7.2; final vol- 
ume 1.6 ml.; incubation 90 minutes; 30°; No. Hzxperiment 3, same as Experiment 2 
except that acetate and ATP were replaced by 100 um of pyruvate, 3 um of DPN, 
and 0.8 um of cocarboxylase. Experiment 4, same as Experiment 2, except no ace- 
tate; ATP replaced by 3 um of DPN and 0.8 um of cocarboxylase. Experiment 6, 
20 um of oxalacetate, 0.3 um of DPN, 0.2 um of cocarboxylase, 10 units of CoA (Pabst), 
0.2 ml. of testis acetone powder extract, 100 um of Tris buffer, pH 7.2; final volume 
2 ml.; incubation 1 hour; 37°; No. Experiment 6, same as Experiment 5 except that 
oxalacetate was replaced by malate. Experiment 7, 20 um of malate, 10 uM of ace- 
tate, 10 um of ATP, 0.2 um of cocarboxylase, 10 units of CoA (Pabst), 0.2 ml. of testis 
acetone powder extract (different enzyme preparations were used in Experiments 
7a, 7b, and 7c), 100 uM of Tris buffer, pH 7.2; final volume 2 ml.; incubation 1 hour; 
37°; No. Experiment 8, same as Experiment 7 except that acetate was replaced by 
pyruvate and 10 um of ATP by 0.3 um of DPN (different enzyme preparations were 
used in Experiments 8a and 8b). 
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suitable for the study of Furacin effect on citrate synthesis from oxalace- 
tate and acetyl CoA or from oxalacetate, acetate, ATP, and CoA. The 
results of such a study appear in Table III. No inhibition is shown by 
Furacin in the formation of citrate when either acetyl CoA or acetate, ATP, 
and CoA serve as the acetyl source. It was found (Table III) that Frac- 
tion A-40 was deficient in the enzymes necessary for the formation of acety] 
CoA from pyruvate, DPN, and CoA, since no citrate was formed with this 
source of acetyl CoA. That no citrate was formed from oxalacetate is as- 
cribed to deficiency of these same enzymes, since oxalacetate is known to 
form pyruvate by spontaneous decarboxylation. 

Since fresh testis tissue had formed citrate readily from oxalacetate, this 
tissue was partially purified as an enzyme source in the next experiments, 
The bicarbonate extract of testis acetone powder (9) was found to form 
citrate readily from oxalacetate anaerobically. To avoid the spontaneous 
formation of pyruvate from added oxalacetate in experiments with acetate 
as an acetyl source, it was considered desirable to use malate as a source of 
oxalacetate. Indeed it was observed in several preparations that citrate 
was formed from pyruvate and malate by this enzyme preparation as read- 
ily as from oxalacetate under similar conditions. Citrate was not formed 
when malate alone served as a substrate. 

With the bicarbonate extract of testis acetone powder, negligible inhibi- 
tion of citrate formation by Furacin was observed when the acetyl source 
was acetate, ATP, and CoA (Table III). In other similar experiments not 
shown in Table III, inhibition was not observed with Furacin concentra- 
tions as high as 50 mg. per liter. However, when pyruvate, DPN, and 
CoA were the acetyl source, Furacin inhibition was marked at levels of 0.3 
mg. per liter. This inhibition of citrate formation from pyruvate, DPN, 
CoA, and malate has been observed in many similar experiments and is a 
function of the Furacin concentration. 


DISCUSSION 


The above experiments indicate that inhibition of citrate formation by 
Furacin occurs in the formation of acetyl CoA from pyruvate, DPN, and 
coenzyme A. The reversibility of Furacin inhibition observed in these ex- 
periments in vitro has also recently been demonstrated in vivo by studies 
(14) correlating biochemical reactions and histological structure of the testis 
during Furacin feeding and at intervals after cessation of nitrofuran ad- 
ministration. Studies of pyruvate metabolism with highly purified prep- 
arations (pyruvic oxidase (15)) are now under way in this laboratory to de- 
termine the effect of Furacin on acetate and acetoin formation as well as 
on acetyl coenzyme A formation. 
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SUMMARY 


The effect of various compounds on the formation in vitro of citrate by 
testis tissue from oxalacetate under anaerobic conditions has been deter- 
mined. It was observed that Furacin and two other nitrofurans inhibited 
markedly the reactions at concentrations as low as 0.1 mg. per liter. The 
effect was found to be reversible. 

It was demonstrated that the formation of citrate with pyruvate, DPN, 
and coenzyme A as acetyl source was inhibited markedly by Furacin. 
Neither the transfer of the acetyl group from acetyl coenzyme A to sulfanil- 
amide or to oxalacetate nor the formation of citrate with acetate, ATP, and 
coenzyme A as acetyl source was inhibited by Furacin. 

It is concluded from these studies that Furacin inhibition occurs in the 
anaerobic formation of acetyl coenzyme A from pyruvate. 


BIBLIOGRAPHY 


1. Paul, H. E., Paul, M. F., and Kopko, F., Proc. Soc. Exp. Biol. and Med., 79, 555 
(1952). 
. Paul, H. E., Paul, M. F., Kopko, F., and Scanlon, G., Abstracts, American Chem- 
ical Society, 121st meeting, Milwaukee, Apr. (1952). 
3. Paul, H. E., Paul, M. F., and Kopko, F., Résumé des communications, 2° Congrés 
International de Biochimie, Paris, 40 (1952). 
4, Stern, J. R., Shapiro, B., Stadtman, E. R., and Ochoa, S., J. Biol. Chem., 193, 
703 (1951). 
5. Korkes, S., del Campillo, A., Gunsalus, I. C., and Ochoa, 8., J. Biol. Chem., 
193, 721 (1951). 
6. Lipmann, F., Jones, M. E., Black, S., and Flynn, R. M., J. Am. Chem. Soc., 74, 
2384 (1952). 
7. Heidelberger, C., and Hurlbert, R. B., J. Am. Chem. Soc., 72, 4704 (1950). 
8. Lynen, F., Reichert, E., and Rueff, L., Ann. Chem., 574, 1 (1951). 
9. Kaplan, N. O., and Lipmann, F., J. Biol. Chem., 174, 37 (1948). 
10. Chou, T. C., and Lipmann, F., J. Biol. Chem., 196, 89 (1952). 
ll. Dubnoff, J. W., Arch. Biochem., 17, 327 (1948). 
12. Natelson, S., Pincus, J. B., and Lugovoy, J. K., J. Biol. Chem., 176, 745 (1948). 
13. Bratton, A. C., and Marshall, E. K., Jr., J. Biol. Chem., 128, 537 (1939). 
. Paul, H. E., Paul, M. F., Kopko, F., Bender, R. C., and Everett, G., Endocrin 
ology, in press. 
5. Jagannathan, V., and Schweet, R.S., J. Biol. Chem., 196, 551 (1952). 


i) 


= 














Ve 
Gree 
the 1 
the } 
ary ° 
these 
and « 
betw 
ulate 
the d 
an in 
any, 
tribu 
erties 
here 
temp 
Ty 
Mies 
and 1 
posit 
(3-5) 
et | 
of He 
on th 
Coun 
ins 
admir 
tional 
1 Fi 
protei 
tion b 





STUDIES ON NUCLEOPROTEINS 


I. DISSOCIATION AND REASSOCIATION OF THE 
DEOXYRIBONUCLEOHISTONE 
OF CALF THYMUS* 


By CHARLES F. CRAMPTON, RAKOMA LIPSHITZ, 
AND ERWIN CHARGAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, July 17, 1953) 


Very little is known about nucleoproteins, a subject last reviewed by 
Greenstein (1). They are usually defined as conjugated proteins in which 
the union between the nucleic acid, functioning as a prosthetic group, and 
the protein is mediated by electrostatic attraction or, possibly, by second- 
ary valence forces. But it is extremely difficult to distinguish between 
these two types of combination when macromolecules are involved (2), 
and even more difficult to decide in any given case whether a combination 
between solutes fortuitously present in the same cell extract has not sim- 
ulated a preexisting conjugated protein. As regards the nucleoproteins of 
the deoxypentose type, to which the following discussion will be limited, 
an inspection of the literature will lead to the conclusion that very few, if 
any, entities deserving this designation have been isolated. One of the at- 
tributes of a conjugated protein is that it must differ in some of its prop- 
erties from a mere mixture of its components. It is this problem applied 
here to the nucleohistone of calf thymus, with which the present study at- 
tempts to deal. 

Two principal methods, both foreshadowed in the pioneering work of 
Miescher, have in the past been used for the preparation of nucleohistones 
and nucleoprotamines, 7.e. complexes in which the protein partner carries a 
positive charge; viz., extraction either with solutions of low ionic strength 
(3-5) or with strong salt solutions (6).! Since deoxypentose nucleic acids 

* This work has been supported by research grants from the National Institutes 
of Health, United States Public Health Service, from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council, and from the Rockefeller Foundation. 

t Holder of a Fellowship in the Medical Sciences of the Rockefeller Foundation, 
administered by the National Research Council, 1951-52, and Fellow of The Na- 
tional Foundation for Infantile Paralysis, 1952-53. 

' For the isolation of bacterial nucleoproteins, which apparently are conjugated 


proteins of an entirely different type, extraction with dilute buffers and fractiona- 
tion by conventional means can be employed (7). 
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can be freed of protein only in the presence of a high salt concentration, 
the presumption appears justified that under these conditions a dissocia- 
tion of the conjugated protein, if it ever existed in the original extracts, 
may have taken place (8) and that a nucleoprotein recovered after the ex- 
posure of its solution to a high electrolyte concentration may represent an 
artifact. Comments on the possibility that a nucleoprotein may, in the 
course of its isolation, thus have been converted into a protein nucleate 
can be found in the literature (e.g. (9-11)). A study of the influence of 
different salt concentrations on some of the properties of the nucleic acid- 
protein complex of calf thymus appeared, therefore, not without interest. 


EXPERIMENTAL 
Preparations 


Nucleohistone Extract (VHE)—Trimmed calf thymus was obtained fresh 
at the slaughter-house, chilled immediately, and processed without delay, 
except in a few experiments which will be mentioned below. All subse- 
quent operations were performed at 4-6°. 50 gm. portions of tissue were 
triturated for 30 seconds in a high speed mixer equipped with cutting blades? 
with 50 cc. of an ice-cold mixture of aqueous 0.1 m NaCl and 0.05 M so- 
dium citrate (previously adjusted to pH 7). The supernatant fluid result- 
ing from centrifugation at 2000 X g for 30 minutes was discarded and the 
suspension of the sediment in 100 cc. of saline-citrate once more centrifuged. 
The sediment was washed three times by thorough resuspension and cen- 
trifugation, each time with 50 cc. of distilled water (previously adjusted to 
pH 7 by being made about 0.0004 m with respect to NaHCOs), in order to 
remove electrolytes. During the final washing the sediment swelled, but 
yielded less than 0.5 per cent of its total phosphorus to the supernatant 
fluid. The gelatinous sediment then was blended (15 seconds in the high 
speed mixer) with 250 cc. of distilled water (pH 7) and shaken overnight. 
The extremely viscous mixture was again briefly stirred in the high speed 
mixer and centrifuged for 30 minutes at 2000 X g. The P contents of the 
very viscous, opalescent supernatant fluids averaged 430 y per cc. (about 
90 per cent of total P in the mixture). Such preparations of nucleohistone 
extract, which had not been in contact with higher than isotonic salt con- 
centrations, are designated NHE; they served, sometimes after a 3- to 10- 
fold dilution with distilled water, in the majority of experiments. The 
reextraction of the insoluble residue with water or m NaCl yielded negli- 
gible amounts of P. The NHE preparations were used within 24 hours 
after the receipt of the fresh thymus tissue. Exceptions will be noted be- 
low. 


2 A Waring blendor or a Servall ‘‘omni-mixer”’ was used, 
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Nucleohistone Preparations (N-NH and R-NH)—When the original aque- 
ous extract NHE was made 0.15 m with respect to NaCl by the addition 
of 5.66 volumes of 0.177 M NaCl, a precipitate formed which was 30 minutes 
later collected by centrifugation and washed on the centrifuge with 0.15 
wu NaCl and then, very briefly, with a very small amount of distilled water. 
It was dissolved in distilled water of pH 7. Preparations of this type, made 
under conditions not conducive to the dissociation of the nucleoprotein, 
will be referred to as N-NH. 

For the isolation of preparations that had been subjected to conditions 
permitting dissociation, NHE was brought to M NaCl concentration by the 
addition of solid salt; after 30 minutes 5.66 volumes of water were added, 
and the precipitate collected, washed, and dissolved as described above. 
These preparations are designated R-NH. 

Preparation of Histone and Nucleic Acid—For attempts at reconstitu- 
tion it appeared desirable to employ specimens of histone and sodium de- 
oxyribonucleate obtained from the same preparation of nucleohistone. A 
modification of Cohen’s procedure (12) was used, which takes advantage of 
precipitation with ethanol in the presence of a high salt concentration. All 
operations were performed in the cold. A solution of preparation N-NH 
(see the preceding section), containing about 200 y of P per cc., was brought 
to a 2.6 m concentration by the addition of solid NaCl and kept for half 
an hour. 2 volumes of 95 per cent ethanol then were added in two equal 
portions with vigorous shaking after each addition; the precipitated nu- 
cleic acid fibers were collected by spooling 30 minutes later, pressed free of 
mother liquor, and intimately dispersed in a volume of 0.15 M NaCl equal 
to three-quarters of that of the original N-NH solution. The solution was 
clarified by centrifugation, adjusted to 2.6 m NaCl concentration, and al- 
cohol was added as before. The cycle of extraction of the fibers with 0.15 
m NaCl was repeated once more. The sodium nucleate was finally dis- 
solved in distilled water and recovered after dialysis and lyophilization. It 
contained 5 per cent of protein. The yield corresponded to 80 per cent of 
the phosphorus of the N-NH preparation serving as the starting material. 

For the isolation of the histone moiety, the filtrate of the original alco- 
holic mother liquor was concentrated in a vacuum (below 40°) to one-third 
of its volume and the solution dialyzed and lyophilized. The histone prep- 
arations thus produced accounted for about 70 per cent of the total pro- 
tein of N-NH and contained only 0.2 per cent of phosphorus. 


Analytical Methods 


A colorimetric method served for the estimation of phosphorus (13). 
The concentrations of NaCl present in the aliquots did not interfere with 
the determination. A modification of the biuret method, based on unpub- 
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lished studies of Dr. 8. Zamenhof, was employed for the estimation of pro- 
tein. In this procedure, the extinction at 310 my of the biuret complex 
with nucleohistone varied linearly with the concentration of the latter, 
when account was taken of the absorption by nucleic acid itself at this wave- 
length and sufficient time (20 to 30 minutes) was allowed for color develop. 
ment. A final NaCl concentration of 0.7 m did not interfere with the for- 
mation of the copper complex, but traces of chloroform did; they were 
removed by careful heating of the solutions. Crystalline egg albumin 
(Worthington Biochemical Sales Company, Freehold, New Jersey) served 
as the standard, and all protein values were expressed as the equivalent 
amounts of this substance. 

The use of the term ¢«(P) for the description of absorption characteristics 
has been explained before (14). In the present study it was determined 
at 260 muy and is designated as e(P)s60. 

Viscosity measurements were performed at 29.5°. The solutions were 
kept in the bath for at least 30 minutes before the determinations, which 
were carried out in Ostwald-Fenske viscosity pipettes having an outflow 
time for water of about 60 seconds. The term 7sp.(P) denotes the specific 
viscosity divided by the molarity of the solution with respect to P. 


Experimental Arrangement and Results 


Nucleohistone Solutions at Different Salt Concentrations—Each experi- 
mental number listed in the text or in the tables represents an individual 
preparation of NHE. Isolated nucleohistone preparations carry the num- 
ber of the nucleohistone extract from which they were prepared. Parallel 
experiments with the same preparation are designated by small letters; the 
use of the suffix R will be explained below. 

All operations for the experiments summarized in Tables I to ITI, prior 
to the spectrophotometric and viscosimetric determinations, were per- 
formed at about 6°. Aliquots of NHE were added to definite volumes of 
water or salt solution of suitable concentration, so as to establish the same 
final volume over a range of NaCl molarity extending from 0 to 4.3 M, and 
the mixtures were shaken. After 30 minutes they were centrifuged for 
30 to 60 minutes in an angle centrifuge at 2000 K g. The supernatant 
fluids were decanted carefully and examined for several properties listed in 
Table I. Owing to the difficulty of sampling the very viscous solutions 
of NHE in the absence of NaCl, the determinations carried out with these 
samples are no doubt less accurate than with the others. 

Comparison between Native and Reconstituted Nucleohistone Solutions—In 
Experiments 4 to 6 (Table IT) portions of NHE were first brought to m NaCl 
concentration and centrifuged after 30 minutes. The supernatant fluids 
then were diluted with water to give the range of NaCl concentrations listed 
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in Table II. The other operations remained unchanged. Experiments of 
this type are designated by the suffix R. 

Effect of Chloroform on Nucleohistone Solutions—lIn a series of experiments 
with NHE and reconstituted NHE (Table IIT), 20 ec. aliquots of the super- 


TaBLe [| 


Properties of Nucleohistone Solutions at Different NaCl Concentrations 





Molarity of NaCl in supernatant fluids 


Baperiment| Properties of 

No. supernatant fluids* : : 
| 7 | 0.02 — : etre 0.50 0.65 0.80 1.0 1.7 4.3 
it | P 10.5 0.9 0.6 1.5 9.3 | 10.0 11.1 
| Viscosity 3900 0 0 0 500 | 850 900 
Extinction | 7250 9150 16,700 9700 | 7300) 7300, 7200 
2 | P | 18.7) 2.2 | 2.0 3.7 | 14.7, 18.3} 17.9] 19.6 
| Viscosity | 1100 300 | 400 | 550} =|: 950 
Extinction | 6250) 5450) 5550 5600 5500 6650) 6500! 6650 
, 1? | 16.9) 2.1 | 2.0 3.3 | 12.5 17.2) 16.7] | 17.7 
Viscosity 1600 | 250 | 400 | 600 | 950 
Extinction | 6450) 6600, 6550 6050 6200 6650] 6600) 6700 


* The figures for P are in micrograms per cc. Those for viscosity refer to nsp.(P), 
those for extinction to e(P)260 , as explained in the text. 
t In this experiment the tissue was kept at —15° for 3 days before the extraction. 


TaBe II 
Comparison of Properties of Native and Reconstituted Nucleohistone Solutions at 
Different NaCl Concentrations 


p — Molarity of NaCl in supernatant fluids 
roperties o 


ari Jo.* : 
Experiment No. supernatant fluids 


0.55 | 0.60 | 0.65 | 0.70 | 0.80 1.0 
| 
4 (NHE) P 19.9 4.6 7.2 9.0 | 19.6 19.9 | 
Viscosity 2850 100 250 , 300 350 500 | 
Extinction 6700 | 8100 6900 7050 | 7200 | 7050 | 
4-R 4 5.1 18.4 | 19.7 | 19.7 | 17.3 | 20.0 
Viscosity 200 | 300 400 | 450 800 
Extinction 6500 7150 7000 7000 7000 | 6850 
5 (NHE) | P 20.0 6.8 | 11.0 | 22.5 | 20.7 | 20.9 
Viscosity 1500 | 150 | 200 §=-300 )«=§ 300~=— 350 
5-R P 7.4 | 21.1 | 21.7 | 21.5 | 20.5 | 23.2 
Viscosity 50 300 300 | 350 400 550 
6 (NHE) P 9.4 16.5 | 17.2 
Viscosity 250 300 | 400 
6-K P 17.2.) 17.3.) 17.2 
Viscosity 400 150 500 


* The suffix R signifies that the nucleohistone extract NHE, designated by the 
experimental number, was brought tom NaCl concentration before being adjusted 
to the lower concentrations listed here. For other explanations, see Table I. 
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natant fluids obtained at the several salt concentrations were treated once 
with 10 ce. of chloroform-pentanol (3:1) in a high speed mixer for 3 min- 


TaBLe III 


Effect of CHCl; Treatment on Nucleohistone Solutions at Different NaCl 


Conditions 


Concentrations* 


Molarity of NaCl in supernatant fluids 





Experiment [por ge| Soluble Reger a 
pone *|CHCls fluids 0 0.50 0.55 0.60 0.65 0.70 0.80 1.0 
ment pt 
7 (NHE)t | | Pt 3.0 6.0 7.0 13.4 16.8 16.8 
“> Viscosity 350 | 250 | 200 | 250 | 250 | 400 
Extinction 5950 5700 6600 6850 6800) 6900 
4 | PS 40 | 36 | 40 | 52 | 58 | 79 
Protein§ 12 319 1% i lt 
8-Rt + Pt 3.9| 6.5 7.5 | 7.9 | 22.0) 22.3 
Extinction 6350 6850 6850 6750) 6650) 6550 
| 
+ P§ 36 | 31 | 30 | 36 | 32 | 46 
Protein§ 13 18 15 Bit i 
| | 
| | 
9 (NHE) + Pt 20.8 6.2 9.3 | 18.7] 20.8) 22.3 
Extinction | 6700 6400 6600 6850) 6750) 6700 
| 
+ | Pg 17 47 | 42 | 46 | 59 | 79 | 
| 
9-R 4 Pt 5.5 | 21.5 21.1| 22.4) 21.6 22.3 
| Extinction 6400 6650 6800 6700) 6700 6500 
} | 
+ | P§ 66 | 32 | 43 | 56 | 78 | 95 








* The experimental arrangement for the treatment with chloroform is described 
in the text; for other explanations, in particular for the significance of the suffix R, 
see Tables I and II. 

t In these experiments the tissue was kept at —15° for 5 days before the extrac 
tion. 

t Micrograms per cc. 

§ Per cent of material in supernatant fluid before CHCl; treatment. 
utes. The mixture was centrifuged for 30 minutes at 800 * g, and the 
clear supernatant fluids were carefully removed and analyzed for P and in 
several instances also for protein. 


Whereas in these experiments only those quantities of nucleohistone that 
were soluble at the respective salt concentrations were subjected to treat- 
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ment with CHCl, the studies assembled in Table IV had the purpose of 
determining whether a fractional dissociation of the entire nucleohistone 
could be performed at graded concentrations of NaCl. The experiments 
were carried out at 6°. Aliquots of aqueous solutions of NHEP reparation 
10 or of the nucleohistone preparations N-NH and R-NH made from it 
(containing about 90 y of P per cc.) were mixed with the same volume of 
aqueous NaCl. In Experiment 10-N+H (Table IV) equal aliquots of a 
solution of isolated histone chloride in water were added to solutions of 
sodium deoxyribonucleate containing the appropriate quantities of salt. 
In all cases the final volume was 20 cc. and the P content 24 y per cc. The 
mixtures were kept for 30 minutes, stirred in a micro high speed mixer for 


TaBLe IV 


Fractional Dissociation of Nucleohistone* 


Component in Molarity of NaCl in mixture 


Experiment No. atte CHCle 
treatment 0.50 0.65 0.75 0.85 1.0 2.6 
10 (NHE) r 23.3 §2.2 69.6 85.3 94.1 | 95.7 
Protein 4.5 8.1 8.0 | 10.8 6.8 
10-N-NH P 2.0 29.5 44.1 60.1 80.5 94.4 
Protein 5.5 7.7 
10-R-NH y 2.1 30.4 46.3 | 61.7 | 83.5 | 92.2 
Protein 9.0 11.2 | 14.0 6.9 
10-N+H 4 12.7 10.0 | 27.9 45.9 76.1 96.6 
Protein 36.5 24.3 








* The figures refer to per cent of component in the original nucleohistone. The 
experimental arrangement is described in the text. The weight ratios of protein to 
P in the original nucleohistone preparations were, in the order listed in the first 
column, 16.6, 11.5, 12.7, 11.7. 


2 minutes with 10 cc. of CHCl;-octanol (9:1), and centrifuged for 15 min- 
utes at 2000 X g, and the supernatant fluids were analyzed. In this experi- 
mental series, the nucleohistone appeared completely soluble at NaCl con- 
centrations higher than 0.65 mM. 

That the conditions under which the treatment with chloroform is per- 
formed may influence the results markedly is shown in Table V. Solutions 
of nucleohistone (20 y of P per ec.) were stirred at high speed for 3 minutes 
with the indicated proportions of chloroform-pentanol (3:1), the mixtures 
were centrifuged (30 minutes at 800 X g), and the clear supernatant fluids 
analyzed. Although the ratio of aqueous to non-aqueous phase in the 
mixture varied, the combined volume always was 40 cc. As regards the 
treatment of electrolyte-free solutions of nucleohistone with chloroform, the 
results were rather erratic. Prolonged periods of denaturation and centrif- 
ugation usually resulted in supernatant fluids that contained less than 5 
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per cent of the total P and did not show the typical nucleic acid spectrum 
in the ultraviolet. 

Action of Ethanol on Nucleohistone Solutions at Different Salt Concentra- 
tions--In the experiments shown in Table VI precipitation by ethanol was 
studied. The NHE Preparation 12 was diluted with an equal volume of 


TaBLE V 
Deproteinization of Nucleohistone by CHCl; under Different Conditions 


Composition of supernatant 

Molarity of NaCl fluids after treatment* 
in solution 

deproteinized 


Ratio of 
aqueous to 
non-aqueous phase 


Experiment No. 


Protein Phosphorus 
lla (NHE) 0 3:1 68 | 82 
1lb = 0 3:1 56 70 
lle - 1 3:1 12 90 
lid i 3 3:1 9 95 
lle = 0 4:1 29 38 
11f ™ 0 1:3 12 22 


* The figures refer to per cent of component in the original nucleohistone. The 
experimental arrangement is described in the text. 


TaBLe VI 
Precipitation of Nucleohistone by Ethanol at Different NaCl Concentrations* 


Molarity of NaCl in nucleohistone solution 


Experiment No. } Fraction Component | — 
| | 0.65 | 0.75 | 0.85 | 0.95 | 1.0 | 15 | 26 
12a | Supernatant Protein | 46 | 58 | 68 | 79 92 
12b ” ss | 42 | | | | 84 | 90 | 95 
Ppt. «  |gg| | |28| 8| 8 
és 4 89 | | 93 86 
13 (NHE) Supernatant Protein | 46 56 | 70 | 82 
13-N-NH = os | 52 | 63 | 78 | 94 
13-R-NH by i 53 | 64 | 73 | 82 


* The figures refer to per cent of component in the original nucleohistone. The 
experimental arrangement is described in the text. 


0.3 m NaCl, the precipitate was washed with isotonic saline, and the drained 
sediment taken up in distilled water to yield a solution containing 342 4 
of P per ce. The addition to aliquots of this solution of equal volumes of 
salt solution of the required concentration produced the series indicated 
for Experiments 12a and 12b in Table VI. After 30 minutes 2 volumes of 
ethanol were added to each tube, which then was shaken and centrifuged 
for 30 minutes at 700 X g. In Experiment 13 isolated nucleohistone frac- 


tions, prepared as described above, also were examined. 
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In another series an essentially similar arrangement served to determine 
the effect of storage on nucleohistone solutions in contact with different 
quantities of NaCl. Time appeared to have no effect on the degree of dis- 
sociation. When solutions of NHE in m NaCl (150 y of P per ce.) were 
stored in the cold for periods ranging from 15 minutes to 7 days and 2 vol- 
umes of ethanol then were added, supernatant fluids resulted that were in- 
variably found to contain 75 to 80 per cent of the protein present in the 
starting material, but only 6 per cent of the phosphorus. When the same 
experimental mixtures, instead of being treated with ethanol, were, after 
storage, adjusted to isotonic salt concentration, the supernatant fluids re- 
tained only 12 to 20 per cent of the original protein content and 4 per cent 
of the phosphorus. 


TaBLe VII 
Viscosity of Nucleohistone Preparations 
a ei Viscosity as nsp.(P) of preparations 
Experiment No. ie ee ;‘ . a 4 - 
NHE N-NH R-NH 
14 0.8 540 530 
15 1.0 640 650 650 
16 0.8 440 480 430 
17 0.8 490 480 440 
18 0.8 380 420 440 
18 1.0 610 550 560 





Viscosity of Nucleohistone Preparations—In Table VII the viscosities of 
several preparations of NHE and the corresponding isolated nucleohistone 
specimens are compared. The solutions investigated all contained about 
20 y of P per ce. 

DISCUSSION 

The older literature on nucleoproteins has been surveyed by Greenstein 
(1) and Mirsky (15). Among more recent studies on nucleohistones and 
nucleoprotamines, papers by Pollister and Mirsky (16, 17), Ahlstrém (18), 
von Euler and Hahn (19), Petermann and Lamb (20), Frick (21), and Bern- 
stein and Mazia (22) should be mentioned. 

The remarkable dependence of the solubility of nucleohistone upon salt 
concentration has often been commented upon. It is soluble at a very 
low ionic strength; with increasing salt concentration, the solubility first de- 
creases steeply, reaching a minimum in isotonic solutions, and then rises 
gradually. Though variations occur, freshly prepared nucleohistone is, in 
general, soluble in NaCl solutions stronger than 0.7 or 0.8 m. This is 
brought out by some of the results summarized in Tables I and II.. The 
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small amounts of phosphorylated compounds found in solution at 0.02, 
0.05, and 0.15 m NaCl concentrations often do not include much nucleic 
acid, as shown by the frequent absence of the typical spectrum in the ultra- 
violet. 

It has often been taken for granted, without strict experimental proof, 
that the extinction of nucleoproteins provided a direct measure of their 
nucleic acid contents. It appeared, however, conceivable that the purines 
and pyrimidines were involved in the architecture of the intact conjugated 
protein in such a manner as to bring about the suppression of some of the 
chromophores and that the extinction of a nucleoprotein would be less than 
that of the free nucleic acid. (See the discussion by Magasanik and Char- 
gaff (23).) This is not the case, as is shown by the results in Tables I to 
III. A careful study of the spectra of nucleohistone in the absence of so- 
dium chloride and after the admixture of varying amounts of salt failed to 
reveal appreciable changes in the e(P) values, which remained close to the 
figure recently found for eight preparations of the sodium deoxyribonucle- 
ate from tissues of the ox, viz. e(P) = 6650 + 50 (24). It may be signifi- 
cant that a nucleohistone preparation made from stored tissue (Experiment 
1) had a slightly higher extinction. 

The viscosity of nucleohistone solutions was dependent upon NaCl con- 
centration. That such solutions become progressively more viscous as 
their salt contents rise has often been seen (8, 21, 25). What appears of 
interest is that the viscosity rise continues beyond the NaCl concentration 
at which nucleohistone is soluble, without, however, reaching the anoma- 
lously high viscosity of distilled water solutions. 

With regard to the possibility, mentioned in the introduction, that strong 
salt solutions exerted an irreversible effect on the nucleohistone, four types 
of preparation were compared: (a) the original nucleohistone extract 
(NHE) prepared at a low ionic strength; (b) the same solution, first brought 
to M NaCl concentration and then adjusted to lower concentrations; (c) 
nucleohistone isolated from NHE by precipitation at 0.15 Mm salt strength 
(N-NH); (d) nucleohistone similarly isolated, but from solutions that had 
first been exposed to m NaCl (R-NH). A comparison of the properties of 
these products will be found in Tables II toIV, VI, and VII. Small, but 
consistent, differences were found between the first two types of prepara- 
tion. The “native’’ nucleohistone preparations (Experiments 4, 5, 6, 9) 


were much less soluble at 0.6 or 0.65 m NaCl than at 0.7; those that had 
been exposed to mM NaCl (Experiments 4-R, 5-R, 6-R, 9-R) showed no 
such differences. The latter solutions also had a higher viscosity (Table 
II). No viscosity differences were, however, seen, when isolated nucleohis- 
tones, both “native” and “reconstituted,’’ were compared with the origi- 
nal extracts (Table VII). 
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It is surprising that the divergences discussed here are relatively minor, 
since it can be shown that nucleohistones, exposed in the course of their 
preparation to high salt concentrations, must have been in a state in which 
the nucleic acid was completely or almost completely separated from the 
protein. The experiments on the fractional removal of nucleic acid in the 
presence of a denaturing agent, shown in Tables III and IV, represent no 
more than a sample of many similar observations made in this laboratory. 
It will be seen that the quantity of nucleic acid that could be liberated by 
treatment of the nucleohistone with chloroform was a function of the salt 
concentration. At low ionic strength almost no nucleic acid remained in 
the supernatant fluid; in measure with the rise in ionic strength the amounts 
increased. That the experimental conditions under which deproteiniza- 
tion is carried out are of great importance is also demonstrated in Table V. 

It should be mentioned that these findings on the fractional dissociation 
of nucleohistone have led to the discovery that the deoxyribonucleic acid 
of calf thymus consists of an entire series of closely allied, but differently 
composed, individuals (26). By the stepwise extraction of the nucleohis- 
tone with salt solutions of increasing strength, fractions with diminishing 
concentrations of guanine and cytosine and rising concentrations of adenine 
and thymine were obtained. The extension of these observations to the 
fractionation of free sodium nucleates will be reported later. 

An independent proof of the dissociating effect of salt, and also of the 
unexpected rapidity of this effect, is provided by the experiments on the 
precipitation with ethanol of nucleohistones at different NaCl concentra- 
tions (Table VI). Time had no effect on the degree of separation between 
nucleic acid and histone. The stepwise removal of histone, indicated by 
these experiments, suggests a possible method for the fractionation of this 
protein. 

If the exposure of nucleohistone to strong salt solutions does produce an 
artifact, the experiments presented here have failed to reveal it. No great 
differences were found between preparations made under conditions not 
favorable to dissociation and others that were presumably the result of a 
reassociation of the partners. It is, however, possible that even at a high 
ionic strength there remain some residual links between the nucleic acid 
and the histone capable of directing the recombination, and that the rup- 
ture of these links is achieved only by the removal of the protein by means 
of chloroform or ethanol. At this time and in the absence of suitable bio- 
logical tests, it is difficult to choose among the following possibilities: (a) 
All nucleohistone preparations studied here are artifacts, the state in which 
the conjugated protein exists in the cell having been destroyed even under 
the mildest preparatory conditions. (b) The two types of nucleohistone 
discussed here are different, but the criteria of distinction were inadequate 
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(c) The recombination of histone and nucleic acid yields the original nucleo- 
histone in a manner, based on specific structure, similar to the combination 
between antigen and antibody. 


SUMMARY 


At molarities higher than 0.5 M, increasing concentrations of sodium 
chloride induce a stepwise cleavage of calf thymus nucleohistone. As the 
salt concentration rises, there takes place a decrease in the amount of nu- 
cleie acid removed together with the protein, when deproteinization by 
chloroform is carried out. The quantity of protein remaining soluble upon 
precipitation of the nucleic acid with ethanol similarly increases with the 
ionic strength. This progressive dissociation of the nucleohistone into its 
components is accompanied by an increasing viscosity, but does not affect 
the absorption spectrum in the ultraviolet of the deoxyribonucleic acid. 

No outstanding differences could be found, at comparable salt concentra- 
tions, between preparations of nucleohistone made at low ionic strength 
and preparations that had been in contact with strong salt solutions. 
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STUDIES ON THE MICROBIOLOGICAL DEGRADATION OF 
CHOLESTEROL 
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(From the Laboratory of Cellular Physiology, National Heart Institute, National 
Institutes of Health, Bethesda, Maryland) 


(Received for publication, August 5, 1953) 


It has been known for almost 40 years as a result of S6hngen’s experi- 
ments (1) that there are microorganisms in the soil capable of growing on 
cholesterol as a sole carbon source. However, as pointed out by Arnaudi 
(2) in a recent review, very few systematic studies have been made on the 
microbial decomposition of this compound or, in fact, of any steroid. A 
number of investigators have studied limited bacterial or mold oxidations 
of hydroxysteroids in the cholesterol, bile acid, and hormone series to the 
corresponding ketosteroids (3-5). More recently, the research group of 
The Upjohn Company has found various Phycomycetes to be efficient in 
the introduction of oxygen at carbon 11 of steroids (6). These specifi- 
cally oxidized steroids are then used as starting materials for cortisone syn- 
thesis. Evidence for actual degradation of the sterol molecule, which 
clearly must occur when it serves as the sole carbon source, has been ob- 
tained by Turfitt from his studies on soil Nocardia (7). Trace amounts of 
two types of products were isolated from large scale cholestenone oxida- 
tions: one, a keto acid resulting from cleavage of the side chain leaving 
carbon 20 as a carboxyl, and the other a compound, known as Windaus’ 
keto acid, which is formed by the opening of ring A with the loss of carbon 
4. 

The rupture of ring A has also been demonstrated by Santer and Ajl 
(8) as evidenced by the appearance of isotope in carbon dioxide when 4-C"- 
testosterone is oxidized by a soil Pseudomonas. 

For our studies on sterol degradation we have employed a soil M ycobac- 
lerium isolated by Schatz ef al. (9) from cholesterol enrichment cultures. 
Chemical balance studies and tracer experiments show that growing cul- 
tures oxidize cholesterol completely to carbon dioxide. Hence all the en- 
zymes necessary for the complete degradation of the sterol ring structure 
are present in this bacterium. 

The chromatographic and analytical procedures described below appear 
to be adequate for the separation and characterization of mixtures of known 
steroid compounds! of the types to be expected as products of oxidation. 

' Steroid samples were generously donated by Dr. C. Djerassi, Dr. L. L. Engel, 
Dr. L. F. Fieser, Dr. T. F. Gallagher, Dr. S. Ratner, Dr. H. Reich, Dr. M. Sweat, 
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Nevertheless, attempts to isolate and identify intermediates which might 
be formed during degradation have been successful in only a few instances, 


Materials and Methods 


Cell Preparations—The aerobic cholesterol-decomposing microorganism 
used in the present study, although originally designated as gram-negative 
bacterium No. 5, is actually gram-positive and may be identical with the 
weakly acid-fast, cholesterol-decomposing species isolated by Tak (10) and 
designated Mycobacterium cholesterolicum. The organism is referred to in 
the present paper as a Mycobacterium, although its taxonomic position is 
somewhat doubtful and it may be more closely related to the Nocardia. 

The medium employed for growth contained 0.2 per cent (NH.).S80,, 
0.2 per cent K:HPQO,, 0.02 per cent MgSO,-7H,O, 0.001 per cent 
CaCl,-2H,0, 0.001 per cent FeSO,-7H20, 0.01 to 0.05 per cent acid-hy- 
drolyzed ‘“‘vitamin-free” casein, and 0.05 per cent cholesterol in tap water. 
The final pH of the medium was 7.0 to 7.5. In some instances 0.5 per cent 
glycerol or 1 per cent ethanol was added as the substrate instead of choles- 
terol. Cultures were incubated for 24 to 30 hours at 26-32° with vigorous 
aeration. Growth does not occur at 37°. 

Cells were harvested in a Sharples supercentrifuge and washed three 
times with distilled water. Much of the residual cholesterol was separated 
from the cell paste by removing the sterol layer with a spatula after each 
washing and centrifugation. A slight additional amount of sterol could be 
removed by subsequent washing with petroleum ether at room tempera- 
ture. Although cells so treated showed no pronounced loss in ability to 
convert carbon 4 of the steroid ring to carbon dioxide, the inefficiency of 
the process as a means of freeing the cells of residual substrate made its use 
impractical. 

‘ Washed cells suspended in distilled water (300 to 400 mg. wet cell paste 
per ml.) were used for studies on the conversion of cholesterol to CO:. 
Such cells retained activity for about 1 week at 2-5°. 

Cell pastes derived from bacteria grown on cholesterol contain about 25 
per cent solids, of which approximately one-fifth is residual steroid. The 
nitrogen content on a steroid-free, dry weight basis is about 9.5 per cent. 

Cell pastes were lyophilized, dehydrated with acetone, or stored in the 
frozen state for use as a source of cholesterol dehydrogenase. Cells that 
had been grown on glycerol rather than cholesterol were employed for most 
of the cholesterol dehydrogenase studies, since the problem of residual in- 
soluble substrate removal could thus be circumvented. 





Dr. R. B. Turner, and Dr. A. White; Ciba Pharmaceutical Products, Inc., Summit, 
New Jersey; Organon, Inc., Orange, New Jersey; and the Schering Corporation, 
Bloomfield, New Jersey. 
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Cell suspensions of the Mycobacterium have a very high rate of endog- 
enous metabolism. Thoroughly washed cells that have been grown on a 
soluble substrate (such as glycerol or ethanol) take up O2 and produce CO» 
at an almost constant rate for 8 hours or longer. Hence manometric ex- 
periments with such material are not feasible, especially with substrates 
such as steroids in which the rates of oxidation are relatively slow. 

Preparation of Substrates—Crystalline steroids were added directly to 
culture media before sterilization. Such media supported growth as well 
as those containing colloidal emulsions, since they were vigorously stirred 
or shaker during incubation. Casein- or serum albumin-stabilized, colloi- 
dal suspensions of cholesterol (1 mg. per ml.) were employed only when it 
was desirable to remove serial samples from reaction mixtures for quanti- 
tative analysis. 

The isotopic sterols were added as acetone solutions, since it was found 
that the Mycobacterium does not oxidize acetone, and steroid oxidation did 
not appear to be affected by acetone concentrations up to 5 per cent by 
volume. 

4-C'-Cholestenone and 26-C'*-cholesterol were synthesized by Dr. M. 
Horning. 4-C'-Cholesterol was purchased from Radioactive Products, 
Inc., Detroit, Michigan, and purified by chromatography on alumina by 
Dr. M. Horning. The biologically synthesized C'-cholesterol, prepared 
by perfusion of livers with 1-C'-acetate, was obtained from Dr. N. T. 
Werthessen and Dr. E. Schwenk, Worcester Foundation for Experimental 
Biology, Shrewsbury, Massachusetts. 

Chemical Methods—Cholesterol disappearance was followed by the Lie- 
bermann-Burchard reaction (11). Ergosterol and sitosterol were measured 
by the same method. The color yield with ergosterol is about 2.5 times 
that of cholesterol on a molar basis, whereas sitosterol gives values slightly 
less than cholesterol. 

Various ketosteroids also yield colored products when incubated for 
longer times with the concentrated sulfuric acid-acetic anhydride reagent 
used in the Liebermann-Burchard test. Thus, in the absence of reactive 
sterols, such compounds as cholestenone, testosterone, progesterone, dehy- 
droisoandrosterone (A*-androstene-36-ol-17-one), or the acetate of the last 
compound can be measured by allowing maximal color development to 
oceur (2 hours at 22°) and comparing with a standard curve for each com- 
pound over the range of 0.1 to 0.5 mg. The cholestenone color is measured 
at 625 mu, whereas the hormones are measured at 420 mu. 

Cholestenone was also estimated as its 2,4-dinitrophenylhydrazone. 2 
ml. aliquots of aleohol-deproteinized samples containing 10 to 200 y of cho- 
lestenone were mixed with 1 ml. of 0.1 per cent 2 ,4-dinitrophenylhydrazine 
in 2 N HCl in absolute ethanol. After 5 minutes at 100° they were cooled, 
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diluted to 10 ml. with CHCl;, and read at 390 my against a reagent blank, 

With dialyzed preparations, it was possible to follow cholestenone for- 
mation from cholesterol by measuring the increase in absorption at 240 
my in 90 per cent ethanol extracts. 

Fractionation of Reaction Mixture Components—Reaction mixtures con- 
taining cholesterol or cholestenone were made to 80 per cent ethanol (vol- 
ume per volume). The protein precipitates were centrifuged and washed 
with hot alcohol and ethy! ether to obtain complete recovery of the steroids, 
The supernatant solutions and washings were evaporated to dryness under 
reduced pressure in a water bath of 50-60°. The dry residues were then 
extracted with petroleum ether and chromatographed on silica gel (Davi- 
son Chemical Corporation, Baltimore). The polarity of the solvent sys- 
tem was gradually increased by the addition of ethyl ether, ethyl acetate, 
acetone, and finally methanol. The less polar fractions, 7.e. the compounds 
eluted from the silica gel with petroleum ether or petroleum ether-ethy| 
ether combinations, were rechromatographed on activated alumina col- 
umns (Fisher Scientific Company) with similar solvent systems in order to 
achieve finer separation of the various components. The purification of 
the fractions was followed by infra-red and ultraviolet absorption measure- 
ments, melting point determinations, and reactivity with 2 ,4-dinitrophe- 
nylhydrazine. 

In some cases the dry steroid residues in petroleum ether were first ex- 
tracted with 10 per cent NasCO; to obtain the acidic fraction and then 
with Claisen’s alkali to separate hydroxylated or enol-ketol steroids. The 
remainder was then subjected to chromatographic analysis. 

As an alternative method for separation of the products of cholesterol 
decomposition, the reaction mixture extracts were fractionated into ke- 
tonic and non-ketonic materials by means of Girard’s Reagent T (12). 
The ketones, after hydrolysis, were converted to the colored 2 ,4-dinitro- 
phenylhydrazones. In some experiments the preliminary separation with 
Girard’s reagent was omitted and the phenylhydrazones were made di- 
rectly. The hydrazones were separated chromatographically on Whatman 
No. 1 or No. 3 paper, on magnesium silicate-Celite columns, or on tale col- 
umns. Short (7 inches) ascending paper strip chromatograms were run in 
3 per cent dichloroethane in petroleum ether (30-65 b.p.) and 20 to 30 per 
cent ethyl acetate in petroleum ether for identification purposes. The 
hydrazones were eluted from columns by increasingly polar solvents rang- 
ing from petroleum ether to ethyl acetate. 

Free steroids in the alcoholic extracts of the reaction mixtures were also 
chromatographed on Munktell No. 20-150G filter paper impregnated with 
formamide. The chromatograms were developed in cyclohexane (13) and 
examined under a No. V41 Mineralight fluorescent lamp for quenching ma- 
terials both before and after spraying with anisaldehyde (14). 
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Radioactivity Measurements—Steroid fractions were counted directly or 
as their 2,4-dinitrophenylhydrazone derivatives (15). Carbon dioxide 
from C-labeled steroids was collected in 10 per cent KOH and converted 
to BaCO; for radioactivity measurements. 


Results 


Growing Cultures—Growing cultures of the Mycobacterium were found to 
oxidize biologically synthesized C'*-labeled cholesterol (in the presence of 
0.1 per cent tryptone) completely to carbon dioxide as determined by chem- 
ical and radioactive measurements. In the mineral medium, supplemented 
with 0.01 per cent Difco yeast extract, testosterone, progesterone, and de- 
hydroisoandrosterone acetate also supported growth and were actively 
utilized as measured by disappearance of Liebermann-Burchard-reactive 
material. 

Cholestenone Formation from Cholesterol—Cell suspensions or dried cell 
preparations of organisms obtained by growth on ethanol as the sole car- 
bon source were unable to catalyze the oxidation of cholesterol as measured 
by the disappearance of Liebermann-Burchard-reactive material. Such 
cell suspensions were, however, able to oxidize ethanol as evidenced by a 
40 per cent stimulation of oxygen uptake over the endogenous rate when 
ethanol was added. On the other hand, cell preparations derived from 
glycerol-grown organisms contain a cholesterol dehydrogenase that oxidizes 
cholesterol quantitatively to A‘-cholestene-3-one. 

The free ketone, which was isolated by chromatography on alumina, and 
its red 2 ,4-dinitrophenylhydrazone exhibited properties identical with those 
of the authentic compounds. 

A‘-Cholestene-3-one—Ultraviolet maximum, 242 my; infra-red carbonyl 
absorption, 1667 cm.~'; infra-red carbon-carbon double bond, 1620 cm.—'; 
Ry (formamide-cyclohexane), 0.95. 

2,4-Dinitrophenylhydrazone Derivative—Ultraviolet maximum, 390 my; 
Ry (3 per cent dichloroethane in petroleum ether), 0.6 to 0.7; Ry (20 per 
cent ethyl acetate in petroleum ether), 0.95. 

Properties of Cholesterol Dehydrogenase—The cholesterol dehydrogenase 
has been obtained in cell-free form by grinding glycerol-grown cells with 
dry ice or alumina (Aluminum Company of America, A-301), followed by 
extraction with distilled water or 0.05 m phosphate buffer, pH 7.4. Ina 
typical experiment, 1 ml. of a clear extract (about 4 mg. of protein) incu- 
bated for 8 hours at 37° in O» (0.05 m phosphate, pH 7.4) with 0.6 mg. of 
cholesterol catalyzed the disappearance of 0.28 mg. of the substrate as 
measured by the Liebermann-Burchard reaction. 0.29 mg. of choleste- 
none was formed, as estimated by the increase in material absorbing at 
240 mu. The product formed in cell-free extracts has also been isolated 
and characterized as its 2 ,4-dinitrophenylhydrazone. 
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Although no extensive purification of the cholesterol dehydrogenase has 
been achieved, several properties of the enzyme have been determined. 

The enzyme can be precipitated by ammonium sulfate (60 per cent sat- 
uration) at neutrality and at pH 2.0 and by 60 per cent acetone at —10° 
without loss of activity. It is not sedimented by centrifugation at 110,000 
X< g for hour. It can be heated at 60° for 10 minutes with only 50 per 
cent loss of activity and is stable in the frozen state. 

Dialysis for 18 to 24 hours against distilled water at 2° caused only slight 
loss of activity, which could not be restored by the addition of diphos- 
phopyridine nucleotide (DPN), triphosphopyridine nucleotide, or boiled 
extracts. 

The rate of oxidation is essentially constant over the range of pH 6.5 to 
9.0, but falls off markedly above pH 10. The activity of the enzyme is 
unaffected by 0.01 m cyanide or 0.05 M arsenite. 

The enzyme exhibits an interesting specificity in that a compound closely 
related to cholesterol, the A5-38-OH compound, ergosterol, is not oxidized, 

Yeast alcohol dehydrogenase fortified with DPN at pH 8.6 was unable 
to catalyze the conversion of cholesterol to cholestenone. This is addi- 
tional evidence that the Mycobacterium cholesterol dehydrogenase is not a 
non-specific ethanol dehydrogenase. 

CO: Formation from Cholesterol—The oxidation of cholesterol to CO, by 
various cell preparations was demonstrated by showing that C“O, is formed 
from biosynthetic C-labeled cholesterol. Data presented in Table I show 
that with fresh suspensions of cholesterol-grown cells 6 to 8 per cent of the 
added C* in labeled cholesterol is oxidized to C“O,. On the other hand, 
no CO, was obtained with acetone powders, cell-free extracts of the cho- 
lesterol-grown cells, or fresh suspensions of glycerol-grown cells. 

The fact that a more or less complete oxidation of cholesterol is achieved 


only with suspensions of organisms grown in the presence of cholesterol in- 


dicates that one or more adaptive enzymes are involved. 

The data in Table I illustrate the high endogenous O, uptake and CO, 
production obtained with the Mycobacterium and show clearly the lack of 
correlation between oxygen consumption and cholesterol oxidation. 

Fractionation of Reaction Mixtures for Intermediate Steroid Oxidation 
Products—Preliminary attempts to fractionate the products in small scale 
incubations with biologically synthesized C'*-labeled cholesterol gave some 
indication that radioactive ketosteroids other than cholestenone accumu- 
lated in trace amounts. These were detected chromatographically as their 
2,4-dinitrophenylhydrazones. Since cyanide did not inhibit the conver- 
sion of cholesterol to cholestenone, but did markedly inhibit the terminal 
oxidase system, its effect as a trajping agent on the accumulation of these 
other ketosteroids was tested. Cell suspensions of cholesterol-grown cells 
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incubated in the presence of 0.1 m cyanide were found in certain instances 
to yield more hydrazone spots than did samples without cyanide. Accord- 
ingly a large scale experiment was carried out in which a homogenate pre- 
pared by grinding 50 gm. of cholesterol-grown cell paste with dry ice was 
incubated in oxygen (5 hours at 25°) with 75 mg. of cholesterol in 0.1 m 
tris(hydroxymethyl)aminomethane buffer at pH 8.2 and 0.1 m cyanide in 
a final volume of 60 ml. The alcohol-extractable material from the reac- 
tion mixture was allowed to react with alcoholic dinitrophenylhydrazine. 
A voluminous orange-red precipitate formed, of which only a small frac- 
tion moved with the same Rr as cholestenone dinitrophenylhydrazone in 


TaBLe | 


Conversion of C'4-Cholesterol to C402 by Mycobacterium 


Cell preparation Os uptake CO: formed “=a gees 

= uM uM 
21 hr. cholesterol-grown cells : 6.1 8.1 6.2 
39 “3 « 15.1 13.2 8.7 
244 ‘ glycerol-grown cells 41.7 29.6 0 
Lyophilized glycerol-grown cells 28.2 21.9 0 
Acetone powder of cholesterol-grown cells 18.1 4 0 
Cell-free extract* of frozen cholesterol- 

grown cells 3.1 0 


The samples contained about 100 mg. of wet cells or 20 mg. of dry cells, 0.1 mg. of 
biosynthetic C'*-cholesterol in 0.1 ml. of acetone, and 0.05 m phosphate, pH 7.4, in 
a total volume of 2.0 ml. They were incubated at 30.5° for 5 hours. The gas phase 
was air. 

* Dilute extract prepared by grinding with alumina; protein content not deter- 
mined. 


petroleum ether plus 3 per cent dichloroethane. A considerable amount of 
an orange hydrazone remained at the origin. Separation of these hydra- 
zones was achieved by fractional crystallization from alcohol, followed by 
chromatography on Whatman No. 3 paper in petroleum ether plus 3 per 
cent dichloroethane, followed by petroleum ether-20 per cent ethyl! acetate. 
An infra-red spectrum of one derivative isolated in this manner showed 
strong carbonyl! absorption at 1680 cm.—', indicating the presence of a sec- 
ond, less reactive, carbonyl group on the compound. Refluxing this sub- 
stance with dinitrophenylhydrazine for 1 hour yielded a bright red product 
which no longer possessed the carbonyl] band in the infra-red. Among the 
diketones that might be expected as oxidation products is A‘-cholestene- 
3,6-dione, since the 6 position of cholestenone is vulnerable and the A‘-ene- 
3,6-dione is commonly obtained as a product of mild chromate oxidations 
(16). A comparison of the derivatives of the microbial product with simi- 
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lar derivatives of authentic A‘-ene-3 ,6-dione showed them to be identical 
in all respects (Table II). 

Another product isolated as its ethanol-soluble, yellow 2 ,4-dinitrophenyl- 
hydrazone was obtained with certain cell preparations. This appeared to 
be an enzymatically formed product, since, in one experiment, the isotope 
content of the derivative isolated from preparations incubated with bi- 
ologically synthesized C'-cholesterol was 10-fold greater than that from 
corresponding boiled controls. 

The ultraviolet absorption maximum (355 my) and minimum (300 my) 
of this compound, as well as its Ry in several solvent systems during paper 
chromatography, were essentially identical with those of 2 ,4-dinitrophenyl- 
hydrazone of authentic Windaus’ keto acid, suggesting the possible identity 


TaBLe II 
A‘t-Cholestene-3 ,6-dione 


He eae 
Authentic | , !olated 
os | from Myco- 
sample | bacterium 
| | cells 
Monodinitrophenyl- | Ultraviolet maximum, mu 387 387 
hydrazone Carbonyl absorption in infra-red, cm.-!.| 1678 1680 
| Color... .. ...., Orange | Orange 
| Rr in petroleum ether-20% EtAc 0 | 0 
Bisdinitrophenyl- Ultraviolet maximum, my 372 372 
hydrazone Color... Red Red 
Rr in petroleum ether-20% EtAc 0.5 0.5 


of this compound with that isolated by Turfitt in his studies on Nocardia 
‘erythropolis (7). 

A number of other products from large scale incubations have been puri- 
fied partially by silica gel and alumina chromatography. A few of the 
more highly purified compounds are listed in Table III. These appear in 
the order in which they were eluted from columns with petroleum ether 
and increasing amounts of ethyl ether. The carbonyl band at 1735 to 
1739 cm. exhibited by Compound | is characteristic of steroid acetate 
esters, 5-lactones, and 17-ketosteroids (17). An acetate ester seems to be 
excluded, since absorption in the region 1200 to 1279 cm.— is extremely 
weak.? 

Compound 2 is A‘-cholestene-3-one, the properties of which are given 
above. 

Compound 4 also shows ultraviolet and infra-red absorption typical of 


2 This analysis in CS, solution was kindly performed by Mrs. Phyllis H. Smeltzer. 
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a,6-unsaturated ketones, but in addition possesses at least one hydroxyl 
group on the molecule as seen in the infra-red spectrum. This probably 
explains its behavior as a much more polar compound when chromato- 
graphed on paper in the formamide-cyclohexane system. 

The compound having a carbonyl peak at 1715 cm.— appears to be iden- 
tical with a product obtained from a mild chromate oxidation of choles- 
terol. Although the peak at 1715 cm. is typical of a variety of saturated 
ketosteroids, this compound absorbs in the ultraviolet and hence must have 
some type of conjugated bond system in its structure. 

The significance of compounds other than cholestenone and A*-choles- 
tene-3 ,6-dione as metabolic products of cholesterol decomposition is some- 
what questionable in view of subsequent incubations carried out in the 
presence of chromatographically pure 4-C™-cholestenone. The reaction 


TaB_e III 
Products of Cholesterol Oxidation Isolated from Cell Homogenates 
Compound No. OH = | EE 
| } C=0 C=C | 
cm.) cm. mp 
1 - | 1735-1739 225 0.95 
2 — | 1667 1620 242 0.95 
3 - 1715 252 
4 


a 1667 1620 242 0.35-0.4 
| 





mixtures were fractionated as in the non-isotopic experiments and the var- 
ious components examined for radioactivity. Although the various chro- 
matographic fractions contained C", corresponding fractions from boiled 
control flasks contained similar amounts of isotope. Thus the labeled cho- 
lestenone apparently undergoes significant non-enzymatic oxidation, and 
hence it is necessary, even with the labeled substrate, to detect small quan- 
titative differences between boiled controls and reaction mixtures. Al- 
though, in certain cases, there appeared to be more labeled oxidized prod- 
ucts of the types listed in Table III in the reaction mixtures, the absolute 
quantities of material were too small to permit rigorous purification and 
characterization. In view of these results, the significance of reports in the 
literature describing the isolation of small quantities of products resulting 
from the biological oxidation of various steroids must be viewed with cau- 
tion unless adequate controls have also been included. 

C4. Formation from 4-C™-Cholestenone—Although the detection of in- 
termediate products of steroid oxidation was rendered difficult by the non- 


* Personal communication, Dr. M. Horning. 





marr 


520 DEGRADATION OF CHOLESTEROL 


enzymatic conversion of the labeled substrate described above, the oxida- 
tion of carbon 4 of 4-C'*-cholestenone to CO, is definitely an enzymatic 
process, since no isotope was found in CO, except in the presence of intact 
cells (Table IV). 

The low rate of conversion in a helium atmosphere indicates the aerobic 
nature of this process. 

Inhibition of Oxidation of 4-C*-Cholestenone to C'*O,—Essentially com- 
plete inhibition of 4-C'*-cholestenone oxidation was observed in the pres- 
ence of cyanide, azide, arsenite, and iodoacetate at a concentration of 0.01 
m and of dinitrophenol at 0.001 m. Fluoride and malonate, on the other 


TABLE IV 


Conversion of 4-C'4-Cholestenone to CO, by Sterol-Grown Mycobacterium 








| Per cent C¥ in 
CO, 








Preparation Incubation time |4-C¥.Cholestenone 
hrs. c.p.m. | 
Oi te, ele, OP. 55 0c cas cees. sid | 8 | 63,000 36.6 
of Rr 8 63,000 3.0 
Boiled ‘* Os*... 8 63 ,000 0 
45 hr. cellsf. oP See sere eae 5 11,400 42.5 
Cell-free extractst 5 11,400 0 
Boiled cellsf. . 5 11,400 0 


* 20.0 ml. of reaction mixtures containing 0.05 m phosphate, pH 7.5, 2.5 gm. of 
wet cells (= 500 mg. of dry cells), and 0.45 mg. of 4-C'4-cholestenone, added in 0.45 
ml. of acetone. 

+ 2.0 ml. of reaction mixtures containing 0.05 m phosphate, pH 7.4, 250 mg. of 
wet cells (<= 50 mg. of dry cells), and 0.05 mg. of 4-C'4-cholestenone, added in 0.05 
ml. of acetone. 


hand, were without effect at 0.01 m. It was also observed that certain 
A‘-3-ketosteroids (A‘-cholestene-3 ,6-dione, A‘-androstene-3 ,17-dione, tes- 
tosterone, and progesterone) and A°*-38-OH steroids (dehydroisoandros- 
terone, A*-!®-pregnene-3-8-ol-20-one) had marked (20 to 80 per cent) in- 
hibitory action when added at levels of 100 y per 400 mg. wet cells, together 
with 200 y of 4-C-cholestenone. Under these circumstances of reduced 
CO, production no accumulation of labeled intermediate compounds could 
be demonstrated by extensive chromatographic examination. Hence these 
compounds appear to inhibit the initial steps in oxidation of the labeled 
steroid. Since glucose and glycerol are oxidized much more readily than 
the sterols, the fact that these did not inhibit the oxidation of cholestenone 
to CO, rules out the possibility that the inhibition by the various steroids 
is due to a non-specific competition for the terminal oxidase system. 
Oxidation of Ring-Labeled and Side Chain-Labeled Steroids—An attempt 
was made to learn something about the mechanism of the oxidative degra- 
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dation of cholesterol by comparing the rates of conversion of ring and side 
chain carbons to carbon dioxide. 

Intact cells of the Mycobacterium incubated with 4-C"-cholesterol or 26- 
C'-cholesterol were found to oxidize carbon 4 of the ring to carbon dioxide 
about 4 times as rapidly as carbon 26 of the side chain (Fig. 1). This is 
in contrast to the rat system, which has been shown by Chaikoff and co- 
workers to oxidize carbon 26 to carbon dioxide, whereas carbon 4 was found 
to be essentially inert (18). 

The lower rate of oxidation of carbon 26 was shown not to be the result 
of the presence of inhibitory material in the labeled substrate by measur- 
ing C“O, formation in samples containing mixtures of the two labeled prep- 
arations. The amount of isotope in the carbon dioxide from the mixture 
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Fic. 1. Relative rates of oxidation of ring-labeled and side chain-labeled choles 
terol by intact cells of Mycobacterium. A, 4-C'4-cholestenone; O, 26-C'*-cholesterol ; 
@, 4-C'4-cholesterol. Tracer amounts of the labeled steroids were added in 0.05 ml. 
of acetone to 2.0 ml. of reaction mixtures containing 400 mg. of wet cholesterol- 
grown cells and 0.05 m phosphate, pH 7.4. Temperature 37°. 


oO 


was equal to or greater than the average obtained from each labeled com- 
pound alone. 

Fig. 1 also shows that 4-C'-cholestenone is oxidized at only one-fourth 
the rate of 4-C'*-cholesterol. 

The conversion of both ring- and side chain-labeled carbons to carbon 
dioxide is about one-fifth to one-fourth as rapid at pH 9.5 (ethanolamine 
buffer) as at pH 7.4 (phosphate buffer) or pH 5.5 (acetate buffer). The 
addition of 0.05 m sodium acetate, pH 7.4, to the system buffered at pH 
7.4 with phosphate ions did not depress the conversion of carbon 4 or car- 
bon 26 to COs, even though acetate is readily oxidized by the microorgan- 
ism. 


DISCUSSION 


The finding that carbon 4 of ring A of the cholesterol molecule is more 
readily oxidized in the Mycobacterium system than are the terminal methy] 
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groups of the side chain suggests at once that some compound or com- 
pounds retaining the side chain, but with ring A opened, may be interme. 
diates. Evidence presented above suggests that a compound with such 
properties, Windaus’ keto acid, is indeed produced in the Mycobacterium 
system. 

Although A*-cholestenone has been shown to be formed, the first product 
in the oxidation of cholesterol is probably A®°-cholestene-3-one, since the 
double bond in cholesterol is at the 5 position. However, A*-cholestenone 
is known to isomerize readily to the more stable position of conjugation in 
either acid or base, giving the a,8-unsaturated ketone. The slower rate 
of conversion of 4-C'*-cholestenone to C“O. may indicate its slow rate of 
entrance into the degradative pathway via the A*-ketone. Likewise, fail- 
ure to reverse the reaction catalyzed by cholesterol dehydrogenase with 
molecular hydrogen (by coupling with the hydrogenase system of Clostrid- 
ium kluyveri extracts) is perhaps due to the fact that the true substrate 
for the enzyme in the reverse direction is A>-cholestenone. 

Although numerous attempts were made to render the enzyme system 
catalyzing the conversion of carbon 4 of ring A to carbon dioxide soluble, 
the Mycobacterium did not prove to be suitable biological material for this 
purpose. Since intermediates in these oxidative processes accumulate in 
only trace amounts in the intact systems, it is probable that very little fur- 
ther progress can be expected until active soluble extracts are obtained. 


SUMMARY 


1. The oxidative degradation of cholesterol by cell suspensions and en- 
zyme preparations of a soil Mycobacterium has been studied. 

2. Methods are described for separation and detection of sterol oxida- 
_tion products. 

3. Cell-free extracts contain a cholesterol dehydrogenase that catalyzes 
the conversion of cholesterol to A*-cholestene-3-one. 

4. The oxidation of 4-C'-cholestenone, 4-C'*-cholesterol, and 26-C"™-cho- 
lesterol to C“O, by intact cells was studied. 

5. Carbon 4 of the steroid ring is oxidized to CO» about 4 times as rap- 
idly as is carbon 26 of the side chain. 
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STUDIES IN STEROID METABOLISM 


I. METABOLISM OF TESTOSTERONE BY HUMAN PROSTATIC 
TISSUE SLICES* 


By HERBERT H. WOTIZ ann HENRY M. LEMON 
With THE TECHNICAL ASSISTANCE OF Miriam E. LEVINE 
AND ANNA VOULGAROPOULOS 


(From the Departments of Medicine and Biochemistry, Boston University 
School of Medicine, Boston, Massachusetts) 


(Received for publication, May 22, 1953) 


Samuels (1) in 1947 developed a method of studying the metabolism of 
testosterone by tissue slices and found that this steroid was utilized by 
livers of a variety of animal species (2). Samuels and coworkers presented 
convincing evidence that this reaction was caused by an oxidative enzyme. 
In 1950 Sweat, Samuels, and Lumry (3) actually isolated such an enzyme 
system from steer liver; this enzyme converted testosterone into A‘-an- 
drostenedione-3 ,17 and needed diphosphopyridine nucleotide (DPN) as a 
hydrogen acceptor. 

One of the more puzzling observations that the earlier workers made (2) 
was the fact that rat prostate did not metabolize any testosterone. This 
is all the more surprising since the prostate gland is a proved target organ 
for the male sex hormone. It was therefore decided to investigate the ef- 
fect of human prostate slices on testosterone. 


EXPERIMENTAL 


Preparation of Incubation Mixture—The tissues used in these experiments 
were fresh surgical specimens which were immediately sliced in a Stadie- 
Riggs hand microtome. The slices were quickly added to a flask contain- 
ing 20 cc. of Krebs-Ringer-phosphate buffer (4), 20,000 units of penicillin 
G, and 5 mg. of testosterone! dissolved in 0.25 cc. of propylene glycol. The 
flasks were incubated aerobically in a Warburg constant temperature bath 
at 37.5° with shaking. Controls were run in a similar manner, but the reac- 
tion mixture was boiled for 10 minutes immediately after introduction of 
the tissue slices into the substrate. 


* These studies have been carried out with the assistance of research grants from 
the American Cancer Society, upon recommendation of the Committee on Growth 
of the National Research Council, from Aids to Cancer Research (Boston, Massachu- 
setts), and from teaching and research grants from the National Cancer Institute, 
National Institutes of Health. 

! The authors gratefully acknowledge the receipt of authentic samples of steroids 
from Organon, Inc., Schering Corporation, and the U. 8. Vitamin Corporation. 
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Extraction Procedure—Following incubation the tissues were boiled for 
10 minutes, homogenized in a Waring blendor, and centrifuged. The su- 
pernatant fluid was transferred to a separatory funnel and extracted four 
times with 20 cc. of ether, while the residue was extracted with four 20 ce, 
portions of acetone. During the acetone extraction, the residue was vig- 
orously stirred by hand to break up the aggregate and prevent occlusion of 
any steroidal material. 

The combined extracts were taken to dryness in vacuo, and the residue 
was dissolved in 50 cc. of 70 per cent ethanol and washed with three 15 ec. 
portions of ligroin. The alcoholic layer was again evaporated to dryness 
in vacuo at 60° and transferred quantitatively to a 1 cc. volumetric flask 
with methanol. 

Paper Chromatographic Analysis—A piece of Whatman No. | filter paper 
was prepared as described by Savard (5). The paper was impregnated 
with a mixture of equal parts of methanol and propylene glycol and thor- 
oughly blotted. To each strip 0.05 cc. of the sample was applied from a 
Rehberg ultramicro burette in several portions; the strips were dried with 
nitrogen after each application. 

The chromatogram was developed in a ligroin-propylene glycol system 
for 24 hours, after which time the paper was dried in an oven at 60° for 30 
minutes. The area containing testosterone was spotted with an ultraviolet 
hand-lamp, cut from the strip, and eluted with methanol. The amount of 
residual testosterone was measured in a Beckman model DU spectrophotom- 
eter through the absorption maximum at 240 mu. 

Since the filter paper sometimes showed appreciable absorption in the 240 
my region, an area of paper equivalent in size to that containing the testos- 
terone was cut from the same chromatogram, eluted, and used as a blank. 
It was found that if the steroid was not eluted from the paper chromato- 
gram shortly after drying, but was left overnight or longer, the absorption 
of the paper blank rapidly increased and frequently interfered with the ac- 
curate measurement of the steroid. A further caution to be noted concerns 
the exposure of the drying paper chromatograms to any source of ultravio- 
let light (6). 


Results 


Recovery of Steroids from Paper Chromatograms—To each of four paper 
strips, 200 mg. of testosterone were applied. Androstenedione, 200 mg., 
was applied to each of four other strips. These were chromatographed in 
a ligroin-propylene glycol system, dried in an oven at 60° for 30 minutes, 
and eluted with methanol. In all instances, sections of the same paper 
were extracted with methanol, and this extract used as the blank. The 
recoveries of testosterone were 100 to 102 per cent; those of androstene- 
dione 98 to 101 per cent. 
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Extraction of Prostate Tissue As Control—Tissue from several prostate 
glands, weighing 100 gm., was homogenized and lyophilized. The dry resi- 
due was extracted continuously with acetone for 4 days and with benzene 
for 2 days. The combined extracts were taken to dryness, dissolved in 70 
per cent ethanol, and washed with ligroin. The alcoholic residue was taken 
to dryness and dissolved in a minimum of choloroform. On paper chro- 
matography of a tenth aliquot in a ligroin-propylene glycol system, no ma- 
terial giving a positive Zimmermann color could be detected. 

Recovery of Testosterone from Control Experiments—In Table I are listed 
the recoveries of testosterone from the control experiments, in which the 
tissue was boiled immediately after addition to the substrate. The last 


TaBLeE I 
Recovery of Testosterone from Control Experiments 





Inhibitor —" | aa | Se 
meg. mg. 

Boiling* . 16.7 15.9 95 
“ 5.0 4.6 92 
—* eee ee 19.6 | 98 
ei vil ....f 10.0 9.8 98 
“ ‘ pS on on ete 5.0 4.5 90 
GEER Ge i ao OL eter x 5.0 4.7 | 94 
“ . NS ae LET Repteretrne | 5.0 5.1 102 

None (inactive tissue)f............... ee 20.0 20.2 101 
“ a yates baa 20.0 20.7 | 103 


* In the boiled controls, the tissues plus substrates were boiled for 10 minutes. 
+ Pathology, poorly differentiated carcinoma of the prostate. 





two experiments listed were run on tissue from the same gland. This was 
the only specimen which did not metabolize testosterone, and it was iden- 
tified as poorly differentiated carcinoma of the prostate. Recoveries range 
from 90 to 100 per cent of the amount of steroid added to the tissues. 

Because of the great differences in the rate of oxidation of testosterone 
by different specimens of human prostate (7), it was felt that any kinetic 
study would have to be carried out on tissue obtained from one single gland. 
The following experiments were carried out on a portion of benign hyper- 
trophic prostate, the total weight of which was 109 gm. 

Effect of Increasing Tissue Weight—As shown in Fig. 1 there was a steady 
increase in the amount of testosterone metabolized, which reached a maxi- 
mum at 1.2 gm. of wet tissue, the weight of wet tissue being about 10 times 
that of the dry weight. After this point there was a decrease in the utili- 
zation of testosterone until a constant amount of metabolism was attained 
at 2.5 gm. of tissue. This unusual effect obtained with the standard tissue 
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specimen was confirmed by two similar experiments. Although the abso- 
lute amount of steroid metabolized was greater for these tissues, the over- 
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Fic. 1. Effect of increasing tissue weight on the metabolism of testosterone by 
human prostate. Each flask contained 20 ec. of Krebs-Ringer-phosphate buffer, 
20,000 units of penicillin G, 5 mg. of testosterone in 0.25 ec. of propylene glycol, and 
bo amounts of tissue varying from 0.02 to 0.38 gm. dry weight. Incubation was at 
37.5° for 3 hours in air. 
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Fig. 2. Effect of buffer concentration on the metabolism of testosterone by human 
prostate. Each flask contained 5 mg. of testosterone in 0.25 ec. of propylene glycol, 
20,000 units of penicillin G, and varying amounts of tissue for each group containing 


: 10, 20, and 50 cc. of buffer. Incubation was at 37.5° for 3 hours in air. 
4 all shape of the curves was in excellent agreement with that illustrated in 
Fig. 1. 


Effect of Buffer Concentration—Several incubations were performed with 
amounts of buffer of 10, 20, and 50 cc. per flask. In Fig. 2 are shown the 
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results of these incubations. There was no significant increase in the dis- 
appearance of testosterone on increasing the amount of buffer from 20 to 
50 ec., while there was as much as 50 per cent decrease when only 10 cc. of 
buffer were used. It is interesting to note that at a level of 2.5 gm. of tis- 
sue a common and apparently constant amount of metabolism is attained, 
regardless of the amount of buffer used. This suggests that upon increas- 
ing tissue weight from 1.2 to 2.5 gm. the decrease of metabolism cannot be 
caused by the decreasing ratio of buffer to tissue. Were this the case, upon 
increasing tissue weight, the three lines in Fig. 2 would have to diverge; 
instead, they show convergence. 
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MG. TESTOSTERONE ADDED PER .| GM. TISSUE 
Fig. 3. Effect of substrate concentration on metabolism of testosterone by hu- 
man prostate. Each flask contained 20 cc. of Krebs-Ringer-phosphate buffer, ap- 
proximately 1 gm. of tissue, 20,000 units of penicillin G, and amounts of steroid 
varying from 0.5 to 40 mg. Incubation was at 37.5° for 3 hours in air. 


Effect of Substrate Concentration—As shown in Fig. 3, increasing the 
amount of testosterone linearly increased the amount of steroid metabo- 
lized. Each flask contained approximately 1 gm. of tissue, and final results 
were calculated on the basis of dry weight of the tissue. At a substrate 
concentration of 45 mg. of testosterone per gm. of tissue, a maximum was 
reached. 

Determination of Optimal Incubation Time—A series of flasks containing 
approximately 1 gm. of tissue and 5 mg. of testosterone was incubated un- 
der conditions described in the previous experiments for periods of time 
varying from 15 minutes to 4 hours. Optimal metabolism of testosterone 
was attained after 2 hours of incubation, as shown in Fig. 4. 

Evidence against Conjugation—The combined aqueous residues were 
brought to pH 0.7 with hydrochloric acid and boiled for 15 minutes. The 
solution was thoroughly extracted with ether and treated as in the previ- 
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ous experiments. No identifiable quantities of steroidal material could be 
found on chromatographing and staining a concentrated sample of the ex. 
tract. This would indicate that conjugation is not a major contributory 
factor in the disappearance of testosterone. This is in keeping with the 
results reported by Samuels et al. (2). 

Identification of Metabolites—In all experiments, with the exception of 
the controls, one metabolite could be found by staining the paper strip 
with the Zimmermann reagent. On the basis of its relative travel rate in 
a ligroin-propylene glycol system and the purple color produced with m.- 
dinitrobenzene, this was thought to be A‘-androstenedione-3 ,17. A mixed 
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Fic. 4. Effect of incubation time on metabolism of testosterone by human pros- 
tate. Each flask contained 20 ce. of Krebs-Ringer-phosphate buffer, approximately 
1 gm. of tissue, 20,000 units of penicillin G, and 5 mg. of testosterone in 0,25 ec. of 
propylene glycol. Incubation was in air at 37.5° for periods varying from 15 min- 
utes to 4 hours. 


‘chromatogram with an authentic sample of androstenedione showed no 
separation of the two compounds, and infra-red spectra proved the identity 
of the metabolite with androstenedione. 

On pooling the residues from these experiments and chromatographing 
them after concentration in vacuo, several other substances producing color 
with the Zimmermann reagent were detected. No identification of these 
products could be made, but they will be reported on when sufficient ma- 
terial for their identification has been accumulated. 


DISCUSSION 


The oxidation of the 17-hydroxy] of testosterone to the ketone is not an 
unexpected reaction, since this has already been demonstrated for other 
tissues (liver and kidney) of human and animal origin (2, 8-10). It is not 
surprising that prostatic tissue metabolizes testosterone, since this gland is 











a targ' 
availal 
beuna 
betwee 
ability 
lar int 
beac 
of ma’ 
been f 
labora 
Wh 
of the 
gardin 
curve: 
dium 
gradie 
same 
ratio. 
The s 
on the 
was 2 
the 03 
doubl 
a cofe 
not b 
sary | 
the c 
be ca 
diffus 
in ox 


lizes 
strat 


rPr> 
cAaRmR™Mm 


| be 


Ory 
the 
L of 
trip 
2 in 


xed 


ing 
lor 


na- 


her 
not 
1 is 





H. H. WOTIZ AND H. M. LEMON 531 


a target organ for the male sex hormone. The only previous report (2) 
available to us concerned a study of the rat prostate, which was shown to 
beunable to oxidize testosterone. This may indicate a significant difference 
between the function of the rat prostate and the human prostate. The 
ability of the human prostate gland to metabolize testosterone is of particu- 
lar interest in the study of prostatic cancer. Of special significance would 
be a comparison of the rate of conversion of testosterone with the degree 
of malignancy of the tumor. A preliminary report of such a study has 
been published (7), and further investigations are being carried out in this 
laboratory. 

While the data presented here are not yet sufficient to explain the shape 
of the curves in Figs. 1 to 3, it is possible to make certain suggestions re- 
garding these graphs. ‘Two factors probably influence the shape of these 
curves. First, it appears that the concentration of testosterone in the me- 
dium determines the rate of reaction, as shown in Fig. 3. A concentration 
gradient is probably involved, and, with increasing amounts of tissue, the 
same amount of substrate added would not continue to maintain the same 
ratio. This might in part explain the shape of the three curves in Fig. 2. 
The second factor which may be considered to have significant influence 
on the reaction is the existence of a cofactor such as DPN. This substance 
was already shown by Levedahl and Samuels (8) to be of importance in 
the oxidation of the hydroxyl to a ketone at C-17 and the reduction of the 
double bond at C-4 in the metabolism of testosterone by liver tissue. Such 
a cofactor might be utilized by other enzyme systems in the cell, but may 
not be synthesized by the cell at a rate fast enough to maintain the neces- 
sary concentration. The cofactor apparently is used up more rapidly as 
the concentration of oxygen in the reaction mixture decreases. This may 
be caused when the ratio of tissue to fluid increases, thereby decreasing 
diffusion of oxygen through the medium, resulting in a significant decrease 
in oxygen tension. 


SUMMARY 


1. It has been shown that benign hypertrophic human prostate metabo- 
lizes testosterone. The effect of varying the weight of tissue, time, sub- 
strate, and buffer concentration was investigated. 

2. A‘-Androstenedione-3 ,17 was identified as one of the metabolites. 
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ENZYMATIC DEGRADATION AND RESYNTHESIS 
OF COENZYME A* 


By G. DAVID NOVELLI,t FRANK J. SCHMETZ, Jr.,t 
and NATHAN O. KAPLAN$ 
(From the Biochemical Research Laboratory, Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, July 14, 1953) 


The fact that fresh extracts of acetone-dried pigeon liver are capable of 
destroying coenzyme <A! activity was early recognized by Lipmann and 
Kaplan (1). This observation had several important implications. It 
provided the basis for the method of preparation of a CoA-free apoenzyme 
for the acetylation of sulfanilamide by aging the pigeon liver extracts at 
room temperature for 3 to 4 hours, thus making possible the development 
of a method for CoA assay (2). From a nutritional standpoint the obser- 
vation of the destruction of CoA by tissue extracts led to the development 
of a general method for the liberation of pantothenate from tissues (3, 4). 
It was found that treatment of CoA with pigeon liver extract alone was 
insufficient to release pantothenate. For complete liberation of the vita- 
min, pigeon liver extract has to be supplemented by alkaline phosphatase 
(5). These observations established the fact that pantothenate was bound 
in CoA by two separate linkages; one of these was obviously a phosphate 
linkage; the other linkage, unknown for a long time, is now recognized as a 
peptidic linkage between pantothenate and B-mercaptoethylamine (6, 7). 

Subsequent observations suggested that pigeon liver extract, in the 
presence of ATP, was capable of resynthesis of CoA from some fragments, 
in particular from those containing pantetheine, while the synthesis of 
pantetheine itself appeared to be very difficult (8). 


* This work was supported in part by a research grant from the Office of Naval 
Research, contract No. NONR 606. 

t Present address, Department of Microbiology, School of Medicine, Western Re- 
serve University, Cleveland, Ohio. 

t Present address, Department of Pathology, University of Vermont School of 
Medicine, Burlington, Vermont. 

§ Present address, McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore 18, Maryland. 

1 The following abbreviations will be used: coenzyme A = CoA; adenosinetri- 
phosphate = ATP; diphosphopyridine nucleotide = DPN; triphosphopyridine 
nucleotide = TPN; flavin-adenine dinucleotide = FAD; tris(hydroxymethy])amino- 
methane = Tris; trichloroacetic acid = TCA; and adenosine-5’-phosphoric acid = 


AMP. 
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These findings suggested that the use of enzymatic degradation pro- 
cedures might be advantageous in determining the structure of CoA by 
revealing the linkages binding its constituent parts. Therefore, a study 
of the enzymatic degradation of CoA was undertaken. These studies, 
together with an analysis of the molecular composition, eventually revealed 
the structure (9-12) shown in Fig. 1. It is a rather atypical “dinucleo- 
tide” in which the specific mononucleotide part is occupied by phospho- 
pantetheine. The numbers and arrows indicate the points of enzymatic 
attack on the molecule and are included to aid in the discussion which 
follows. 


0 Q QOH GHSH 
HS-CHg-CHa-NH—C-CH,-CH,-NH—C—C—C—C-H 
H CH 
47 oy 
fe) 
—>---;-- 
HO-P=0 
| 
N==C-NH, ~ 
| HO-P=0 
H-G  GC—N 
| | See oH 
N—C—N——C—CG—G—C—C-H 
OH || M 
fe) 
——— an 
HO-P=0 
: OH 


Fig. 1. Structure of CoA. The numbers and arrows indicate the points of en- 
zymatic attack on the molecule. 


The phosphomonoester is cleaved at position 1 by either a non-specific 
acid phosphatase from prostate gland or by a specific adenosine-3’-phos- 
phoric acid nucleotidase from barley (13, 14). The product resulting 
from this cleavage has been named “dephospho CoA” and is readily 
resynthesized to CoA by an enzyme in pigeon liver extracts. 

The pyrophosphate bridge is split at position 2 by a CoA pyrophos- 
phatase found in extracts from potato, snake venom, yeast, rat liver, and 
hog kidney. The products of cleavage of CoA by this enzyme are 3’ ,5’- 
diphosphoadenosine and 4’-phosphopantetheine. Phosphopantetheine is 
readily converted to CoA by enzymes present in crude pigeon liver extracts. 

If CoA is treated with intestinal phosphatase, 3 moles of phosphate are 
liberated, splitting at positions 1, 2, 3, as well as removing the phosphate 
from adenosine-5’-phosphoric acid. The products of this enzymatic cleav- 
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age are 3 moles of inorganic phosphate, adenosine, and pantetheine. Pan- 
tetheine is only poorly converted to CoA by pigeon liver extracts (15, 16). 

If CoA, dephospho CoA, or pantetheine is treated with an unidentified 
enzyme from avian liver or hog kidney, the 8-mercaptoethylamine moiety 
is split off at position 4. The product of this enzymatic cleavage is not 
resynthesized to CoA by aged pigeon liver extracts. 

The present discussion will cover the experiments in the enzymatic 
degradation; the stepwise enzymatic resynthesis of the coenzyme will be 
described in later communications.?: * 


EXPERIMENTAL 


Materials—The CoA used in these experiments was prepared by methods 
developed in this laboratory (17, 18). ATP was obtained as a disodium 
salt from the Pabst Laboratories. Adenosine-5’-phosphoric acid, adeno- 
sine, and adenine were obtained from the Schwarz Laboratories. Acetyl 
phosphate was prepared by the method of Stadtman and Lipmann (19). 
Lyophilized samples of the snake venoms were obtained from Ross Allen’s 
Reptile Institute, Silver Spring, Florida, and from Dr. Laura Comette 
Taborda, Instituto Butantan, Sao Paulo, Brazil. 

Purified samples of intestinal phosphatase and prostate phosphatase 
were kindly supplied by Dr. Gerhard Schmidt. 

Methods—CoA activity was measured by three assay methods: (1) the 
assay based on the acetylation of sulfanilamide by crude extracts of pigeon 
liver, as described by Kaplan and Lipmann (2); this assay will be referred 
to as the “crude” assay system; (2) a “purified” assay system which is the 
same as the previous one except that the enzyme system is fractionated 
with ammonium sulfate between 0.4 and 0.7 saturation (20); (3) the trans- 
acetylase assay which is based on the CoA-dependent arsenolytic decom- 
position of acetyl phosphate by the enzyme phosphotransacetylase from 
Clostridium kluyverit extracts (21). Inorganic phosphate was determined 
by the method of Fiske and Subbarow (22), acetyl phosphate by the 
method of Lipmann and Tuttle (23), and CoA-bound pantothenate by 
the method of Novelli, Kaplan, and Lipmann (3). Total adenosine, free 
adenosine, and free adenosine-5’-phosphoric acid were determined by the 
spectrophotometric method of Kalckar (24) by specific enzymatic de- 
amination procedures. Protein was measured by the TCA turbidimetric 
method of Bucher (25). Chromatography of CoA and its degradation 
products was carried out with a modification of the Carter and Cohn 
isoamy! alcohol-phosphate solvent system (26) in which phosphate was 
replaced by 0.5 M ammonium acetate at pH 8.0. 


* Levintow, L., and Novelli, G. D., unpublished work. 
‘Hoagland, M. B., and Novelli, G. D., unpublished work. 
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Results 
Nature of Phosphate Linkages 


Demonstration of Phosphomonoester in CoA—-As mentioned above, panto- 
thenic acid could be liberated from CoA only by the combined action of 
an enzyme from avian liver and an alkaline phosphatase from intestinal 
mucosa which has both phosphomono- and phosphodiesterase activity 
(27). All attempts to replace the alkaline phosphatase by such phospho- 
monoesterases as Clarase, Mylase P, or prostate phosphatase were unsuc- 
cessful. It was observed, however, that treatment of CoA with prostate 
phosphatase usually liberated up to 40 per cent of the organic phosphate 
without loss of CoA activity in the crude pigeon liver assay system. The 
significance of this observation did not become apparent until the phos. 
photransacetylase assay for CoA became available. It was then noted 
that treatment of CoA with prostate phosphatase led to its inactivation 
in this test system (see Table III). This suggested the presence of a 
hitherto undisclosed phosphomonoester. The unchanged response of the 
crude assay system then means that this crude enzyme system readily 
replaces the lost phosphate group. Subsequently, Shuster and Kaplan 
(13) isolated from barley a specific adenosine-3’-phosphoric acid nucleo- 
tidase which rapidly removes the monoester from CoA, but not from 
DPN. Thus the position of the phosphate group is established as the 
3’-hydroxy! of the adenosine moiety. 

Nature of Pyrophosphate Linkage—The fact that a variety of phospho- 
monoesterases was unable to replace alkaline phosphatase in its panto- 
thenate-liberating capacity suggested that the critical linkage might be 
some kind of diester. Because of the observations of Lowry and Colowick 
(unpublished) and subsequent studies by Kornberg and Pricer (28) show- 
‘ing that potato extracts were capable of splitting the pyrophosphate bridge 
in DPN, TPN, and FAD, an attempt was made to replace the pantothen- 
ate-liberating activity of intestinal phosphatase with an extract from pota- 
toes, either alone or in combination with an acid phosphatase from human 
prostate gland. 

In the early experiments a crude extract of potatoes, prepared by an 
unpublished method of Lowry and Colowick, was used. The experiment 
described in Table I shows that a combination of potato extract and pros- 
tate phosphatase was almost as active as intestinal phosphatase in releasing 
pantothenate from CoA. Neither enzyme alone or in combination with a 
pigeon liver extract was effective. This demonstrated that the critical 
phosphate linkage involved in pantothenate liberation was nof a mono- 
ester, and suggested that a pyrophosphate bridge might be involved. 

A closer examination of the phosphate linkage (or linkages) revealed 
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that phosphate liberation as well as CoA inactivation depended upon the 
order of addition of potato extract and prostate phosphatase (Table II). 
In order to observe inactivation, it is necessary for the potato extract to 
split CoA into two new phosphomonoesters which are dephosphorylated 
by the subsequent action of prostate phosphatase. The apparent failure 
to observe inactivation after treatment of CoA with the potato extract 
alone suggested that the crude assay system was capable of resynthesizing 
CoA from the fragments. This idea was confirmed by the experiment 


TABLE [| 


Pantothenate Release from CoA by Combination of Potato and Prostate Extracts 


Treatment Pantothenate Per cent of total 
¥ 

Intestinal phosphatase....................... a 0 0 
Pigeon liver + NaF... een ot 0 0 
Potato extract... ETE Oe 0 0 
Prostate extract ; Ae 0 0 
Potato extract + pigeon liver ee 0 0 
Prostate extract + pigeon liver 0 0 
Potato extract + prostate , ve 1.5 10.7 

“+ prostate + pigeon liver rd ‘ 11.5 82 
Intestinal phosphatase + pigeon ee ? 13.5 96.5 


In a final volume of 1.0 ml., 20 units of CoA (containing 14.0 y of bound pan- 
tothenate), alkaline intestinal phosphatase 0.2 ml. (20 to 40 Schmidt units), fresh 
pigeon liver extract 0.05 ml., crude potato extract 0.1 ml., prostate phosphatase 
0.02 ml. (20 to 40 Schmidt units). The intestinal phosphatase digestion was carried 
out at pH 8.0 in 0.05 m bicarbonate buffer for 1 hour. The potato and prostate di- 
gestions were carried out at pH 4.5 in 0.01 m acetate buffer for 1 hour at 37°. After 
the first digestion, the pH was adjusted to 8.0 and the samples were reincubated with 
0.05 ml. of fresh pigeon liver extract for 3 hours at 37° where indicated. The sam- 
ples were inactivated by heating in a boiling water bath; pantothenate was meas- 
ured microbiologically with Lactobacillus arabinosus (32). 


recorded in Table III. The crude assay system retained 90 per cent of its 
ability to respond to potato-treated CoA, while the purified assay system 
had lost 72 per cent of this ability. The transacetylase assay did not 
respond to either prostate-treated or potato-treated CoA. These data, 
together with those presented in Tables I and II, demonstrate that the 
potato extract opens a pyrophosphate bridge leading to inactivation of 
CoA for the purified assay system. The enzyme splitting the pyrophos- 
phate bridge in CoA has been named “CoA pyrophosphatase.” It is not 
yet known whether this enzyme is identical with Kornberg’s nucleotide 
pyrophosphate, since the pH optimum for CoA splitting by potato extract 
is at pH 5.0, in contrast with a pH optimum of 7.5 for Kornberg’s enzyme 
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(28). That the response of the crude assay system was, in fact, due toa 
resynthesis of CoA was established by an experiment in which CoA was 
split by the potato extract and incubated with the crude assay enzyme and 
ATP and subsequently assayed with the two assay systems. Such an 
experiment is shown in Table TV. 


TABLE II 


Effect of Order of Addition of Prostate and Potato Extracts on Phosphate 
Liberation and Inactivation of CoA 


| | 








ist addition 2nd addition Phosphate liberated | Inactivation 
per cent per cent 
Prostate None | 40 | 0 
Potato <i 10 0 
Prostate Potato 60 0 
Potato Prostate 98 100 


75 units of CoA, 0.02 mM acetate buffer, pH 4.6, 0.1 ml. of potato extract, 0.1 ml. of 
prostate phosphatase. Each incubation, 1 hour at 37°. The first addition was in- 
activated by placing the tubes in a boiling water bath for 5 minutes before the sec- 
ond addition. Final volume 1.0 ml. Residual CoA was measured with the ‘‘crude” 
assay system. 


TaBLe III 


Comparison of Response of Three CoA Assay Systems to 
Variously Treated CoA 


| 


Response to CoA 








Treatment P liberation et Ao ee oe sien 
| Crude Purified =| Transacetylase 
- per cent | per cent | per cont . per cent 
pO eee ee er Te | 100 100 100 
Prostate...... plaka anaes ahs hawt 40 85 | 87 0 
| eee 5 90 28 0 
i + prostate........ ied 95 8 6 0 


100 units of CoA, 0.02 m acetate buffer, pH 4.7, 0.1 ml. of prostate phosphatase, 
0.1 ml. of potato extract, in a final volume of 1.0 ml. Incubation for 1 hour at 37°. 
Samples inactivated by heating in a boiling water bath for 3 minutes. Aliquots 
taken for assay by the systems indicated and for orthophosphate (22). 


CoA Pyrophosphatase from Potatoes—The cleavage of the pyrophosphate 
bridge by CoA pyrophosphatase should result in the formation of diphos- 
phoadenosine and phosphopantetheine. Attempts to demonstrate the 
adenosine product with crude potato extracts were unsuccessful, owing to 
contamination with phosphatases and deaminases. A more highly purified 
preparation of potato CoA pyrophosphatase was made by a modification 
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of Kornberg’s procedure (28) for nucleotide pyrophosphatase. This con- 
sisted essentially in applying the calcium phosphate treatment immediately 
after the ammonium sulfate fractionation (Kornberg, private communica- 
tion). The crude potato extract had an initial specific activity of 13, 
which was increased to 250 by this procedure. 

Avsay for CoA Pyrophosphatase Activity—-The activity of the enzyme was 
measured by following the inactivation of CoA with the crude assay system 
when CoA was treated with potato extract in the presence of excess pros- 
tate phosphatase. The test conditions were as follows: In a total volume 
of 1.0 ml. of 0.02 m acetate buffer, pH 4.6, 20 units of CoA were treated with 
30 to 40 units of prostate phosphatase and potato extract sufficient to split 
about 50 per cent of the added CoA. The reaction mixture was incubated 


TaBLe IV 


Resynthesis of Potato-Split CoA by Crude Pigeon Liver Enzyme System in 
Presence of ATP 





CoA units per ml. by assay system 
| 


Additions = 
| “Crude” = | Purified 
SN icin. 2h dice stots basin dns diokeabbunlin a ee oe 
. ‘* + crude enzyme... Le kor area ateaa ede 0.0 
a ae oe . MEF MEETS 55.29 aah ap de font ae 43 39.0 











40 units of CoA pretreated with potato enzyme under the conditions given in 
Table III. The split-products were incubated with 0.1 ml. of crude assay enzyme, 
with and without 10 um of ATP in 0.1 m Tris buffer, pH 8.0, in a final volume of 0.5 
ml. for 1 hour at 37°. After inactivation by heating in a boiling water bath for 5 
minutes, the total contents were assayed for CoA by the two assay systems. 


for 1 hour at 37°, after which the enzymes were inactivated by placing the 
tubes in a boiling water bath for 5 minutes. Residual CoA was measured 
by the crude assay system. 1 unit of CoA pyrophosphatase is defined as 
the amount of enzyme splitting 5 units of CoA under these conditions. 


Characteristics of CoA Pyrophosphatase 


Rate—The rate of splitting of CoA, shown by Fig. 2, is linear up to the 
point at which about 80 per cent of the substrate is split and then falls off. 
The enzyme is ‘not inhibited by NaF at a final concentration of 0.05 m. 

pH Optinum—The pH optimum (Fig. 3) in the vicinity of pH 5.0 and 
the much lower activity at pH 7.5 are in sharp contrast to the nucleotide 
pyrophosphatase isolated from potatoes by Kornberg and Pricer (28) which 
has an optimum near pH 7.5. King and Strong (29) treated Co\ with 
Kornberg’s nucleotide pyrophosphatase at pH 7.5 and reported negative 
results, which led them to conclude that there was no pyrophosphate 
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bridge in CoA. The difference in pH optimum between our preparatior 
and Kornberg’s enzyme casts some doubt on the validity of this interpreta- 
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MINUTES 
Fig. 2. Rate of CoA splitting by potato CoA pyrophosphatase. 20 units of CoA 
were incubated with 0.1 ml. of crude potato CoA pyrophosphatase in 0.2 M acetate 
buffer, pH 4.6, in a final volume of 1.0 ml. At the times indicated one tube of the 
reaction mixture was placed in a boiling water bath and residual CoA was measured 
with the purified assay system. 
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Fic. 3. pH curve of potato CoA pyrophosphatase. 20 units of CoA were incu- 
bated with 5 units of potato CoA pyrophosphatase in a final volume of 1.0 ml. The 
buffers were used in 0.1 m final concentration and were as follows: acetate pH 3.5 to 
5.0, phosphate pH 5.7 to 7.5. Incubation was carried out for 1 hour at 37°, after 
which the enzyme was heat-inactivated, the pH of each sample was adjusted to 4.6, 
and the tubes were reincubated with prostate phosphatase for 1 hour at 37°. Re- 
sidual CoA was measured with the crude assay. 


tion. In Table V is shown a comparison of CoA splitting by our potato 
CoA pyrophosphatase and Kornberg’s nucleotide pyrophosphatase at two 
pH levels. 
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Product of CoA Pyrophosphatase Action—With the most active fraction 
of potato extract (250 units per mg.) attempts were made to demonstrate 
the products of the reaction. CoA was split by the enzyme and the prod- 


TABLE V 
Comparison of CoA-Splitting Activity of Potato Extract and Kornberg’s 
Nucleotide Pyrophosphatase at Two pH Levels 


Per cent CoA split 
Treatment 


pH 4.6 | pH 7.4 
Potato extract..... } Niet 100 25 
Kornberg’s enzyme. . ee A ere 88 19.5 


20 units of CoA, 0.1 ml. of crude potato extract (20 to 30 CoA units), 0.1 ml. of 
Kornberg’s purified nucleotide pyrophosphatase (50 DPN units), 0.02 m acetate 
buffer, pH 4.6, or 0.02 m Tris buffer, pH 7.4; final volume 1.0 ml. Incubation for 1 
hour at 37°. Samples inactivated by heating in a boiling water bath for 5 minutes, 
and residual CoA determined on an aliquot by the purified assay system. 

We wish to thank Dr. Arthur Kornberg for a sample of his purified nucleotide 
pyrophosphatase which has an activity of 2000 DPN units per mg. 


Tasie VI 
Results of Chromatography of Potato-Treated CoA 


Ultraviolet Activity 
Rr Rr 
Untreated CoA.... ' eee 0.96 | 0.96 
es ms, naatees 0.76 (Faint) 
Potato-treated CoA 0.76 0.97 
” ee 0.56 
Adenosine-5’-phosphorie acid 0.76 
Adenosine. . 0.56 


135 units of CoA, 0.02 m acetate buffer, pH 5.1, 0.1 ml. of potato extract, in a final 
volume of 1.0 ml. Incubated at 37° for 1 hour. Aliquots of samples and controls 
applied to the bottom of Whatman No. 1 paper and chromatographed in the isoamy! 
aleohol-ammonium acetate system. The ultraviolet spots were detected by scan- 
ning the dried papers with an ultraviolet lamp. The activity was located by testing 
strips of paper in the crude assay system. 


ucts were chromatographed on Whatman No. 1 paper in the isoamy! 
alcohol-ammonium acetate system. The spots containing adenine were 
located by scanning the papers under ultraviolet light, and CoA activity 
was found by testing small strips in the crude assay system. The data 
of Table VI indicate that the CoA used was slightly contaminated with 
adenylic acid (spot with R, of 0.76). After treatment with potato enzyme, 
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two new ultraviolet-absorbing spots appeared with R, values of 0.76 and 
0.56, respectively. Since markers of adenylic acid and adenosine showed 
the same R, values, it seemed that the potato enzyme split off a mixture 
of adenylic acid and adenosine. This was checked in a separate experi- 
ment, shown in Table VIT, in which the products of the potato split were 
measured enzymatically. The appearance of adenosine-5’-phosphoric acid 
suggests that the pyrophosphate bridge emanates from position 5’ of 
adenylic acid. The appearance of adenosine is accounted for by the fact 
that the enzyme used was contaminated with AMP-5’-phosphatase. The 
spot in Table VI (Rr 0.97) containing CoA activity for the crude assay 
was free of ultraviolet absorption and had no CoA activity when tested 
with the purified or the transacetylase assays. Analysis for phosphate 
and bound pantothenate showed these to be present in a ratio of 1:1. All 


Taste VII 
Enzymatic Analysis of Products of Potato CoA Pyrophosphatase Action on CoA 
Values expressed in terms of micromoles per micromole of CoA. 





Total adenosine Free adenosine Free AMP-5S’ 


Untreated CoA.... ; ; 1.16 0.015 


Potato-treated CoA...... £8 0.32 0.58 


Conditions as in Table VI. After heat inactivation, the samples were diluted to 
1.5 ml. and 0.25 ml. aliquots were analyzed for the indicated components by the 
enzymatic and spectrophotometric methods of Kalckar (24). 


attempts to free the potato CoA pyrophosphatase of contaminating phos- 
phatase to permit a cleaner analysis of the adenylic acid moiety were 
unsuccessful; therefore a more suitable starting material was sought (Table 
VIII). A comparison of CoA-splitting activity of various snake venoms 
at two pH levels, Table IX, revealed that certain preparations had high 
CoA pyrophosphatase activity at pH 7.5. Therefore an attempt was 
made to prepare CoA pyrophosphatase from snake venom. 

Preparation of CoA Pyrophosphatase from Snake Venom—280 mg. of 
lyophilized venom from Crotalus terrificus were dissolved in 28 ml. of dis- 
tilled water with the aid of a little solid potassium bicarbonate to bring the 
pH to 7.0. 3 ml. of 2 per cent protamine sulfate were added, and the 
resulting precipitate was centrifuged and discarded. The supernatant fluid 
was saturated with solid ammonium sulfate, and the precipitate was col- 
lected and dissolved in 5.0 ml. of water. After dialysis the solution was 
fractionated with ammonium sulfate. The fraction precipitating between 
0.4 and 0.6 saturation contains the bulk of the activity, with a specific 
activity of 600. A comparison with earlier experiments showed that the 
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snake venom enzyme had CoA pyrophosphatase activity without phospho- 
monoesterase activity. 

Products of Snake Venom CoA Pyrophosphatase—750 units of CoA were 
treated with 200 units of snake venom CoA pyrophosphatase and the 


Tasie VIII 
Distribution of CoA Pyrophosphatase Activity in Various Materials 
Values expressed as CoA pyrophosphate units per mg. of protein. 


Rat heart... ; Ss Saha: ei loi elec eliptak ac" aie des set 0.18 
—_ ae ba Divi Gui nine a week kee rae 0.13 
ERLE tied «2c 4 Oblkisa bag va ieee Oe were ees See ote | 0.05 

Hog kidney..... whiten daw hw sh eee eens 0.14 

Yeast extract...... atheeneds ee eee eee 0.25 

Ne 0.00 


Clostridium butylicum extract................ccccceeeeees 0.00 
Crotalus adamanteus VENOM. .......... 2. cc ccccccsccccccee | 0.80 


These activities were determined by incubating the various extracts with 20 units 
of CoA, 0.1 ml. of prostate phosphatase, and 0.02 m acetate buffer, pH 4.6, in a final 
volume of 100 ml. for 1 hour at 37°. After heat inactivation, residual CoA was de- 
termined on an aliquot with the crude assay system. 


TaBLe IX 
Comparison of CoA Pyrophosphatase Activity of Various Snake Venom 
Preparations at Two pH Levels 
Values expressed in terms of CoA pyrophosphatase units per mg. of protein. 





pH 5.0 pH 7.5 
Crotalus terrificus.... eee. : 6.8 
Bothrops jararaca ne Sakae Tee ees 1.6 3.0 
Agkistrodon piscivorus...... ; a ai 2.6 
Cobra venom. ; ; ; nae : 2.4 1.0 
Crotalus adamanteus. ................00c000 , 0.8 5.8 


Conditions and assay as given in Table VIII, except that at pH 5.0, 0.02 m acetate 
buffer was used and at pH 7.5, 0.1 m Tris buffer. 


products were chromatographed as indicated in Table VI. The ultra- 
violet-absorbing spot was found to have an Ry, of 0.73, which was quite 
similar to that of a control sample of adenylic acid. The spot was eluted 
with 0.1 m HCl, and analysis of the solution showed a ratio of 2.02 um of 
phosphate per micromole of adenine. This observation established that 
CoA pyrophosphatase splits the pyrophosphate bridge in CoA, yielding 
diphosphoadenosine and a phosphorylated pantothenic acid derivative. 
Since the phosphomonoester is on the 3’-hydroxyl of adenosine and the 
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pyrophosphate bridge is in the 5’ position, the adenosine compound should 
be 3’,5’-diphosphoadenosine. By enzymatic resynthesis of CoA from 
various synthetic phosphopantetheines, the phosphorylated pantothenate 
derivative has been established as 4’-phosphopantetheine (11).? 

Linkage of Pantothenate to B-Mercaptoethylamine—The foregoing experi- 
ments explained the rdle of intestinal phosphatase in the liberation of 
pantothenate from CoA, but the linkage which was split by liver enzyme 
remained unexplained. The function of this enzyme was resolved when 
Snell and his coworkers discovered a naturally occurring growth factor for 
Lactobacillus bulgaricus which was first named LBF (30) and renamed 
‘“‘pantetheine”’ after it had been resynthesized (31) and its structure shown 
to be that of N-pantothenyl-8-mercaptoethylamine. It was found that 
pantetheine could be obtained from CoA by treatment with intestinal 
phosphatase (6) and that the growth-promoting ability of pantetheine was 
destroyed by the pigeon liver enzyme simultaneously with the liberation 
of pantothenic acid (6). Thus the avian liver enzyme splits the peptidic 
linkage between 6-mercaptoethylamine and pantothenic acid. In unpub- 
lished studies by Levintow, the presence in tissues of two different types 
of enzymes splitting this bond has been established. The enzyme present 
in avian liver appears to split this bond more actively with CoA as a sub- 
strate than with pantetheine. The splitting activity of this enzyme is 
completely inhibited by the presence of ATP, but, once 8-mercaptoethyl- 
amine has been split from CoA, the fragments cannot be resynthesized 
even in the presence of ATP. Another enzyme splitting this peptidic 
linkage has been found in hog kidney and this enzyme attacks pantetheine 
considerably more rapidly than CoA. In contrast to the avian liver 
enzyme, the kidney enzyme is not inhibited by ATP. 


SUMMARY 


The splitting of CoA by phosphomonoesterase, phosphodiesterase, a 
specific CoA pyrophosphatase, and a type of peptidase, alone and in vari- 
ous combinations with each other, has been described. The products of 
the various enzymatic degradations have been identified and characterized. 
These data, together with other chemical data, have indicated the structure 
of CoA to be 3’ ,5’-diphosphoadenosine joined by a pyrophosphate bridge 
to 4’-phosphopantetheine. 

The resynthesis of CoA from certain enzymatic degradation products by 
extracts of pigeon liver in the presence of ATP has been described. 


We wish to thank Dr. Fritz Lipmann for his encouragement, advice, 
and continued interest during this investigation. 
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UTILIZATION OF 1-C™-p-GLUCOSE BY TORULA UTILIS 
YEAST 


By JOHN C. SOWDEN, SAM FRANKEL, BURTON H. MOORE, 
AND J. E. McCLARY 


(From the Department of Chemistry, Washington University, and the Research 
Department, Anheuser-Busch, Inc., St. Louis, Missouri) 


(Received for publication, July 20, 1953) 


A study of the utilization of 1-C™-p-glucose by Torula utilis yeast was 
undertaken in an effort to clarify certain biosynthetic mechanisms operat- 
ing in yeast metabolism. A recent publication by Gilvarg (1) describes 
the results obtained in a similar study with Saccharomyces cerevisiae yeast. 
Since our methods and certain of our results differ from those of Gilvarg, 
a partial report of our observations is submitted at this time. 

A sample of 7’. utilis yeast was grown in a medium containing 1-C'-p- 
glucose as the sole source of carbon. Separation and measurement of iso- 
tope content have been completed for the p-mannose of the yeast mannan 
and for the various nucleotides, purine and pyrimidine bases, and p-ribose 
of the yeast nucleic acid. 


Methods 


Yeast Growth—Approximately 50 mg. of growing 7’. ulilis were added to 
the medium indicated in Table I. Growth was allowed to continue for 48 
hours under vigorous aeration while the pH of the medium was maintained 
at 4.5 to 6.5 by periodic additions of aqueous ammonia. Incoming and 
exhaust air was freed of carbon dioxide by scrubbing through solutions of 
sodium hydroxide, and the carbon dioxide evolved from the yeast culture 
was recovered from the exhaust scrubbers as barium carbonate. At the 
conclusion of the growth period, the yeast was collected in a basket centri- 
fuge, washed, recentrifuged, frozen, and finally lyophilized. In this way, 
the 100 gm. of 1-C"-p-glucose (2) (approximately 540 c.p.m. per mg. by 
direct counting of thin layers) yielded 42.0 gm. of dried yeast (approxi- 
mately 300 c.p.m per mg. by direct counting of thin layers). The ex- 
hausted carbon dioxide yielded 333 gm. of barium carbonate (approxi- 
mately 100 c.p.m. per mg. by direct counting of thin layers). 

Isolation of Mannan—aAll extractions and washings in the following pro- 
cedure were carried out at 4°. 40 gm. of the radioactive yeast were agitated 
with 500 ml. of ethanol-ether (3:1) for 24 hours. After centrifuging, the 
residue was washed successively with 95 per cent ethanol, absolute ethanol, 
and ether. The combined supernatant liquid yielded on evaporation 300 
mg. of lipide fraction. 
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The lipide-free yeast was treated with 500 ml. of precooled water (pH 7) 
and the suspension was stirred for 24 hours. After centrifuging the in- 
soluble residue, the resulting supernatant solution was treated with 1800 
ml. of absolute ethanol and allowed to stand at 4° for 16 hours. The pre- 
cipitate was collected by centrifuging and reprecipitated from its solution 
in 500 ml. of water by the addition of 2 liters of absolute ethanol. After 
centrifuging, the crude mannan was washed successively with 95 per cent 
ethanol and ether. The resulting white powder weighed 2.66 gm., while 
the residual, extracted yeast weighed 32.7 gm. 

Hydrolysis of Mannan—A solution of the crude mannan in 200 ml. of 
1.2 n hydrochloric acid was heated in a boiling water bath and samples 
were withdrawn periodically for polarimetric readings. After 3 hours, 
when the rotation had become constant, the solution was cooled and neu- 


TaBLeE I 
Synthetic Medium for Growth of T. utilis 





Potassium sulfate 18.75 gm. | Borie acid 3.00 mg. 

Ammonium dihydrogen phos- 30.00 ‘* | Ferric chloride ‘a ™ 
phate | Cupric ‘“ oa * 

Magnesium sulfate 1.83 ‘* | Ammonium molyb- | 0.60 “ 

Calcium chloride lw “ date 

Titanium trichloride 1.20 mg. | Potassium iodide 3.00 “ 

Zine acetate 0.88 ‘ | 1-C'4-p-Glucose 100.00 gm. 


Manganese chloride 0.67 ‘* | Water 30.00 liters 











tralized to methyl red with sodium hydroxide solution. After the addi- 
tion of a few drops of acetic acid, the solution was concentrated at reduced 
pressure to a volume of 100 ml. and then treated with a solution containing 
2 ml. each of phenylhydrazine, acetic acid, and water. After 24 hours at 
4°, the hydrazone was filtered and washed with 95 per cent ethanol and 
acetone. The crude p-mannose phenylhydrazone (1.10 gm., m.p. 168- 
175°) was converted to p-mannose by cleavage with benzaldehyde in the 
usual manner. In spite of three recrystallizations from ethanol, the p- 
mannose thus obtained showed a low specific rotation ({a]?? +13°) and 
radioactivity of approximately 60 c.p.m. per mg. However, after recon- 
version to the phenylhydrazone, recleavage to p-mannose, and recrystalli- 
zation of the latter from glacial acetic acid, the sugar showed the correct 
constants, m.p. 132-133° and [a]? +14.3°, equilibrated in water. It was 
found to be devoid of radioactivity. 

For confirmation, the sugar was again converted to the phenylhydrazone 
(yield, quantitative; m.p. 195-196°), and the latter was converted via the 
osazone (m.p. 206-207°) to the osotriazole, m.p. 195-196°, [a]? —82°, ¢ 
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1 in pyridine (3). This derivative of the D-mannose also showed no ra- 
dioactivity. 

Isolation of Nucleic Acid—The cold water-insoluble residue was sus- 
pended in 200 ml. of precooled 2.2 per cent sodium hydroxide and agitated 
for 2 hours at 4°. Filter-Cel was added and the pH was adjusted to 6.6 
with hydrochloric acid. The supernatant liquid, after removing the in- 
soluble residue by centrifugation, was treated with 25 ml. of a cold salt 
solution containing 15.1 gm. of calcium chloride and 12.6 gm. of magne- 
sium chloride per 100 ml., and allowed to stand in the cold for 24 hours. 
The precipitate was removed by centrifugation, washed with alcohol, and 
redissolved in 150 ml. of cold 2.2 per cent sodium hydroxide in three 50 
ml. portions. The insoluble material was removed from the combined so- 
lution and 85 ml. of 95 per cent ethanol were added to the supernatant 
solution. The pH was adjusted to 1.1 with hydrochloric acid, and the 
solution was agitated for } hour and then allowed to stand in the cold for 
24hours. The precipitate was centrifuged, washed with ethanol and ether, 
and dried in vacuo at room temperature. The product was a white, densely 
packed material weighing 1.34 gm. 

The observed extinction coefficient of this material was 85 per cent of 
that of three times reprecipitated Merck pentose nucleic acid and the ra- 
dioactivity was 108 c.p.m. per mg. The yield was 52 per cent of theo- 
retical, based on analysis of the whole yeast by the method of Di Carlo 
and Schultz (4). 

Hydrolysis of Nucleic Acid and Isolation of Components—Three hydrolytic 
procedures were employed so that the components could be determined as 
nucleotides and as free bases. 

Nucleotides were obtained by hydrolysis of the nucleic acid with 1 N 
sodium hydroxide for 24 hours at room temperature and subsequent sepa- 
ration and isolation through the use of paper chromatography. The sol- 
vent used was the isobutyric acid system as described by Magasanik et al. 
(5). Purine bases, pyrimidine nucleotides, and p-ribose were obtained by 
hydrolysis of the nucleic acid with 1 N hydrochloric acid in boiling water 
for 1 hour and separation on paper in fert-butanol-hydrochloric acid ac- 
cording to the method of Smith and Markham (6). Ribose migrated to a 
position between cytidylic acid and uridylic acid, and thus complete sepa- 
ration was accomplished in one operation with this solvent system. Hy- 
drolysis with 72 per cent perchloric acid yielded free bases which were 
separated and isolated with the propanol-hydrochloric acid system de- 
scribed by Wyatt (7). 

The purine and pyrimidine components were located with a Mineralight 
ultraviolet lamp and eluted from the paper with 0.1 N hydrochloric acid. 
Ribose was located by spraying guide strips with aniline hydrogen phthal- 
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ate. The nitrogenous components were identified qualitatively and meas. 
ured quantitatively in 0.1 n hydrochloric acid with a Beckman model DU 
spectrophotometer. Suitable blanks were taken from regions adjacent to 
the ultraviolet-absorbing constituents. 

In all cases the experimental results of the paper chromatography were 
very similar to those reported in the literature (5-8). The recoveries of 
total absorption put on the paper and of p-ribose, on the basis of purine ri- 
bose, were essentially quantitative. Ribose was determined by the method 
of Nelson (9). 

Radioactivity assays were accomplished by counting thin samples (~0.5 
mg. per sq. cm.) in a gas flow counter after it was established that there 
was no appreciable correction necessary for self-absorption. 


RESULTS AND DISCUSSION 


p-Mannose—The absence of radioactivity in the isolated p-mannose in- 
dicates that, under the conditions employed, the biosynthesis of our man- 
nose fraction was accomplished by recombination of fragments derived 
from glucose with the exclusion of carbon 1. In contrast, the observa- 
tions of Gilvarg (1) indicate that S. cerevisiae grown on 1-C"-p-glucose in 
the presence of acetate produces mannose without chain cleavage. It is 
noted that, whereas our yeast mannan fraction was obtained by direct 
cold water extraction of lipide-free yeast, D-mannose was obtained by Gil- 
varg through acid hydrolysis of a largely insoluble yeast polysaccharide 
fraction that previously had been extracted with dilute aqueous alkali, 
The interesting possibility thus arises that D-mannose is present in yeast 
in two different types of combination and that its mode of biosynthesis 
for these two types of combination also is different. 

The possibility also exists, of course, that alternative routes for glucose 
utilization in the production of mannose are available and the pathway 
favored depends on the medium as well as on the yeast species. Such 
species dependence is supported by the recent observation by Di Carlo, 
Schultz, and Kent (10) that S. cerevisiae and T. utilis differ in their ability 
to assimilate various nitrogenous compounds. 

Nucleic Acid Degradation Products—The molar ratios of the nucleic acid 
constituents listed in Table IT are similar to those found for various yeast 
nucleic acid preparations by Chargaff et al. (11) with respect to adenine, 
cytidylic acid, and uridylic acid, while our observed relative content of 
guanine is somewhat lower. The purine-pyrimidine ratio as well as the 
purine-ribose ratio falls within the range of values reported elsewhere (6, 
11). The spectra of the purine and pyrimidine components agreed re- 
markably well with the values given by Hotchkiss (12). Rechromatogra- 
phy of the various constituents on paper in three different solvent systems 
failed to change either their ultraviolet spectra or specific radioactivities. 
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p-Ribose was identified conclusively by cochromatography on paper with 
known D-ribose. 

From the radioactivity measurements listed in Table III, it can be seen 
that on a micromole basis the values are essentially the same for the purine 
nucleotides, slightly higher for uridylic acid, with the greatest activity in 
cytidylic acid. With the exception of cytidylic acid and cytosine, the 


TaBLp II 


Quantitative Relationship between Nucleic Acid Components after Hydrolysis 
with 1 n Hydrochloric Acid 

















Component Micromoles per 100 um P Ratio 
se Ke Scien tee adhe silence etaaied 27.6 1 
fe at sian So Snecacaunoek tere : 21.9 0.79 
Cytidylic acid........ pGwid che naa 20.8 0.75 
grr SiG oan nS cee his 5 Raehe a pions laee 22.2 0.80 
ne 1.15 
NN a ht rk clans et thentied 0.95 

TasB.e III 
Radioactivity of Nucleic Acid Components in Counts per Minute per Micromole 
Component Radioactivity Range pon... 

EE ae | 31 | 30-82 | 2 
AE ac danas ahaa noe 27 22-29 4 
Guanylic acid*........ une basse’ 28 27-29 3 
Guanine....... sata gs eg name atic 26 23-29 4 
EE I 5050 3 «oa asd ee eeeves 44 40-44 5 
CNG ices on cuaiinscewerkeswee 44 42-46 2 
ES oo gic cwanbscoceeneeee 35 34-36 5 
EE iy ice eeosetwedrasene 32 29-34 2 
EE eee ter ee ee 7 5- 9 3 








* Calculated by subtracting a measured value for uridylic acid from a measured 
value for the guanylic-uridylic acid mixture. 


nucleotides have a slightly higher specific activity than the corresponding 
free bases, indicating a small contribution by ribose. Radioactivity meas- 
urements on the ribose did reveal, indeed, a slight but statistically signifi- 
cant activity that persisted through rechromatography in several different 
solvents. 

The distribution of label among the nucleic acid fragments is very similar 
to that observed by Bolton et al. (8) in their experiments with labeled 
carbon dioxide for the biosynthesis of nucleic acid in Escherichia coli. 

The presence of only a minor amount of radioactivity in the p-ribose 
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suggests that the major pathway for its production in this experiment is 
via the oxidative decarboxylation and isomerization of 6-phosphogluconic 
acid, as reported by Cohen (13) from his studies of glucose utilization by 
E. coli with glucose as the sole source of carbon. 


SUMMARY 


Torula utilis yeast was grown on a synthetic medium containing 1-C"-p- 
glucose as the sole source of carbon. 

Yeast mannan was isolated and hydrolyzed to D-mannose, and the latter 
was found to be devoid of radioactivity. 

Yeast nucleic acid was isolated, hydrolyzed in three different ways, and 
the radioactivity of the hydrolysis products studied. 
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A HYDROXYPROLINE METHOD OF ANALYSIS FOR A 
MODIFIED GELATIN IN PLASMA AND URINE* 


By CHARLES J. ROGERS,{ J. R. KIMMEL,t MAXINE E. HUTCHIN, 
AND HAROLD A. HARPER$ 


(From the Metabolic Research Facility, United States Naval Hospital, 
Oakland, California) 


(Received for publication, July 22, 1953) 


The determination of gelatin in body fluids is complicated by the pres- 
ence of other proteins from which it is not readily separable. However, 
because of the presence of comparatively large quantities of hydroxypro- 
line in gelatin and its absence from normal plasma and urine, the determina- 
tion of this amino acid may be utilized in the presence of other proteins for 
the assay of gelatin in the body fluids. 

Neuman and Logan (1) and McFarlane and Guest (2) have described 
chemical methods for the determination of hydroxyproline. In studies of 
the retention and excretion of a plasma volume expander, oxypolygelatin 
(OPG) (3), which were conducted in this laboratory (4), neither of these 
procedures was sufficiently sensitive for our purposes. Troll and Cannan 
(5) have recently devised another method for the determination of hydroxy- 
proline. These authors (5) have observed that proline and hydroxypro- 
line react with ninhydrin in two steps. Ordinarily, a transient red pig- 
ment is first formed which is converted rapidly to a stable yellow pigment. 
However, they have established conditions under which the red pigment 
may be completely extracted with benzene from the reaction system and 
thus stabilized for colorimetric measurement. (The well known violet 
products formed by the reaction of primary amino acids with ninhydrin 
are insoluble in benzene.) The red pigment derived from the reaction of 
proline with ninhydrin exhibits an absorption spectrum with a maximum 
at a wave-length of 550 my; that from hydroxyproline, a maximum at 570 
my. A comparison of the absorptions at each wave-length permits the 
separate determination of these two amino acids in a mixture containing 
substantially equivalent amounts of each. This was the method described 


* The opinions expressed are those of the authors and are not to be construed as 
official or reflecting the views of the Navy Department or the Naval Service at large. 

t Present address, Poultry Department, University of California College of Agri- 
culture, Davis, California. 

t Present address, Laboratory for the Study of Hereditary and Metabolic Dis- 
orders, University of Utah, Salt Lake City, Utah. 

§ Professor of Biology, University of San Francisco, and Civilian Consultant in 
Biochemistry, United States Naval Hospital, Oakland, California. 
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by Troll and Cannan for the spectrophotometric determination of proline 
and of hydroxyproline after development of the specific ninhydrin color, 
However, in hydrolysates of urine or of plasma, which may contain only 
small! amounts of gelatin, the proline content will inevitably be higher than 
that of hydroxyproline because of the additional proline contributed by the 
urine or plasma itself. Under these conditions, the spectrophotometric dif- 
ferentiation as described is no longer precise. This difficulty was elimi- 
nated by the preliminary chromatographic separation of proline and hy- 
droxyproline in the hydrolysates derived from the samples taken for 
analysis. The hydroxyproline thus isolated was then measured by an 
adaptation of the method of Troll and Cannan (5). 


EXPERIMENTAL 


Hydrolysis of Gelatin ~The optimal time for complete hydrolysis was 
ascertained by pilot studies in which solutions of OPG, and urine and 
plasma specimens containing OPG, were made 6 mM with respect to hydro- 
chloric acid and heated at 145°, in sealed tubes, for 0.5 to 6.0 hours. Judg- 
ing by the quantities of hydroxyproline obtained under the conditions 
described, hydrolysis was completed at 1.5 hours. A longer period of hy- 
drolysis resulted in loss of some of the hydroxyproline. For analyses of 
OPG in the plasma or urine a volume of sample containing approximately 
20 mg. of gelatin (equivalent to 2.5 mg. of hydroxyproline) was placed into 
a Pyrex test-tube 15 mm. in diameter. In the absence of information on 
the approximate gelatin content of the sample, 3 ml. were most frequently 
used. A volume of concentrated HCl equal to the volume of the sample 
taken for analysis was then added, and the tube carefully sealed with an 
oxygen flame and heated in an oil bath at 145° for 1.5 hours. After cooling, 
the tube was opened and a measured aliquot (usually one-half of the total) 
was evaporated under a vacuum to dryness for removal of the HCl.  Fin- 
ally, the dried residue was dissolved in 5 ml. of citrate buffer, pH 3.30.! 

Chromatographic Separation of Proline and Hydroxyproline—A column of 
the sulfonated polystyrene resin, Dowex 50 (200 to 400 mesh)? was obtained 

1 Prepared by adding 100 parts of 0.1 Mm sodium citrate to 250 parts of 0.1 M citric 
acid. The pH of this mixture was measured with the glass electrode and a final 
careful adjustment to pH 3.30 was made with either the sodium citrate or the citric 
acid, whichever was appropriate. It is to be emphasized that the pH of the bufferis 
very critical; the pH we have chosen was found to be optimal for our work, but 
under different conditions another pH may be found by experiment to give better 
results. For example, the amount of material in a hydrolysate influences the choice 
of pH. To illustrate, we have noted that a column operated at pH 2.95 will ade- 
quately separate hydroxyproline from a hydrolysate of a pure gelatin, but will not 
separate hydroxyproline from a hydrolysate of plasma containing gelatin. When 
not in use, the buffer is kept refrigerated and a few thymol crystals are added as a 
preservative. 

2 Purchased from the Microchemical Specialties Company, Berkeley, California. 
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by addition of the resin to a 10 ml. burette. The resin was prepared and 
stored as the moist sodium salt as described by Moore and Stein (6). In 
preparing the chromatographic column, a small plug of glass wool, partially 
ground in a mortar, was first placed in the bottom of the burette and the 
resin added as a slurry in the 0.1 m citrate buffer, pH 3.30,! to a height of 
15cm. Approximately 30 ml. of citrate buffer were passed through the 
column, and it was ready for use. 

The resin was always kept covered with liquid to prevent entrapment 
of air in the resin, thus avoiding channeling of the sample, which impairs 
the efficiency of the column. After use, the column was flushed with ap- 
proximately 50 ml. of 0.2 N carbonate free sodium hydroxide, followed by 
washing with citrate buffer until the pH of the effluent was the same as 
that of the buffer, 

In use, the column was operated at room temperature. 1 to3 ml. of the 
citrate solution of the hydrolysate prepared as described above (equiva- 
lent to approximately 200 y of hydroxyproline) was introduced at the top 
of the column, and, immediately after this solution had entered the col- 
umn, | ml. of citrate buffer was added dropwise to wash all of the sample 
onto the resin. The column was then washed with additional citrate buf- 
fer in 5 ml. portions until a total of 30 ml. had been added. The effluent 
fractions were collected in 2 ml. quantities measured by the burette cali- 
brations.* 

Analysis of Effluent Fractions—The pH of the effluent from the column 
must be adjusted to 7.0 before developing the color for identification of 
the amino acids. This was accomplished by the addition of a mixture of 
sodium hydroxide and a phosphate buffer of pH 7.0. This neutralizing 
mixture‘ when added to the effluent in equivalent quantities raised and 
maintained the pH of the resultant mixture at 7.0. 

With some modification, as described below, the procedure of Troll and 
Cannan (5) was used for development of a ninhydrin-hydroxyproline color. 


*In practice, only one colorimetric assay for hydroxyproline was made on a sam- 
ple obtained by combining all of the hydroxyproline-containing effluent fractions. 
These fractions were identified by making a qualitative colorimetric test, for which 
a5 minute vibrating period was used, on 0.1 ml. aliquots from the fourth and twelfth 
2 ml. effluent fractions. The benzene layers were examined visually, and the pro- 
cedure was repeated on adjoining fractions, as necessary, until the first and last hy- 
droxyproline-containing effluents were identified. 1 ml. samples from each of these 
efluents were then combined, and a colorimetric measurement for the amino acid 
was performed on a 0.1 ml. aliquot from this mixture; the color development time 
was 15 minutes. 

‘To determine the quantity of sodium hydroxide required for the neutralizing 
mixture, titrate 25 ml. of the 0.1 m citrate buffer (pH 3.30) to pH 7.0 with approxi- 
mately 2 N sodium hydroxide. This amount of sodium hydroxide when brought up 
to 25 ml. with 0.1 m Sgrensen phosphate buffer (pH 7.0) constitutes the neutralizing 
mixture used in colorimetric assay of the effluent fractions. 
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A 0.1 ml. aliquot from a 2 ml. effluent fraction (derived from the chroma- 
tographic column) and 0.1 ml. of the neutralizing mixture were added to 
a 25 ml. Folin-Wu sugar tube. To this were added 2.5 ml. of redistilled 
benzene. The tube, with the bulb immersed in a water bath maintained 
at 75° + 1°, was attached to a vibrator. After starting the vibrator, 0.2 
ml. of 0.1 M ninhydrin in methyl] Cellosolve was added, and the reaction was 
allowed to proceed for 15 minutes. The tube was removed and allowed to 
cool in the dark. The color is photolabile, but stable in the dark for at 
least 72 hours. 

The benzene layer was decanted through benzene-washed cotton into a 
5 ml. volumetric flask. The tube was washed with several small aliquots 
of benzene, and the combined fractions were made up to the mark. If the 
extracts were turbid, a few crystals of anhydrous sodium sulfate were 
added. The optical density at 570 muy of the clear, colored solution was 
read in a Beckman spectrophotometer against a reagent blank with 0.1 ml. 
of citrate buffer in place of an aliquot of the sample. 

A standard curve was prepared from the optical density obtained with 
solutions containing 1, 2, 3, or 4 y of hydroxyproline.® 

The hydroxyproline contents of the samples of gelatin used were deter- 
mined by the procedure described. These data were used to relate the 
hydroxyproline in the hydrolysates from the plasma or urine to their origi- 
nal content of gelatin. 


Results 


Recovery of Hydroxyproline from Mixture of Amino Acids—aA solution of 
a mixture of twenty amino acids was prepared, and a 3 ml. aliquot (con- 
taining 9.975 mg. of amino acids including 150 y of hydroxyproline) was 
passed through the chromatographic column. Hydroxyproline was de- 


‘tected first in the fourth 2 ml. effluent fraction. It continued to appear 


through the eleventh fraction, but no proline was found in the effluent un- 
til the fifteenth 2 ml. fraction was collected. A total of 147 y of hydroxy- 
proline was recovered in the 16 ml. of combined effluents. This was 98 per 
cent of the total quantity of hydroxyproline present in the mixture. 

Several other recovery experiments from amino acid mixtures were per- 
formed. The data obtained are recorded in Table I; the mean recovery of 
hydroxyproline was 99.7 per cent. 

Hydroxyproline and Proline Content of Oxypolygelatin—The sample of 
OPG was hydrolyzed as described above, and a 3 ml. aliquot (equivalent 


6 The amino acid for use in preparation of the standard solutions was purified by 
recrystallization from a solution containing 3.1 ml. of 50 per cent methanol per gm. 
of hydroxyproline. The recovered crystals were washed with absolute ethanol and 
dried in vacuo. 
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to 1.464 mg. of OPG) was passed through the chromatographic column. 
Fig. 1 shows the details of the chromatographic separation of hydroxy- 
proline and proline obtained in one such experiment. From this and sev- 


TABLE I 
Recovery of Hydroxyproline from Mizture of Twenty Crystalline Amino Acids 


: atenceesaet 











Actual proline Actual Determined Recovery of 
l i i f hyd Li hydro 1 ‘ : f 
Tet emine acts | cman | Seperate. | eryenes, | waeweecie 
mg. | ; m : ; be | ms | per cent 
9.975 | 225 | 150 | 147 98.0 
9.900 | 0 300 300 100.0 
9.975 225 150 147 98.0 
9.900 | 225 75 77 102.7 
NI asd ass cd win adhd ee cael Rake oa a SUR be 6 iali. Sie wae eee wh a 99.7 
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Fig. 1. Chromatographic separation of hydroxyproline and proline from an ali- 
quot, equivalent to 1.464 mg. of OPG, prepared from an acid hydrolysate of OPG. 
0.1729 mg. of hydroxyproline and 0.2042 mg. of proline were recovered, corresponding 
toa content of 11.81 and 13.95 per cent of hydroxyproline and proline, respectively, 
in the original protein sample. 


eral other similar analyses, the OPG was found to contain, on the average, 
11.81 per cent of hydroxyproline and 13.95 per cent of proline. This value 
for hydroxyproline in OPG was used for calculation of the gelatin content 
of the body fluids from their content of hydroxyproline. 

Determination of Oxypolygelatin in Plasma and Urine—A representative 
chromatographic analysis of plasma is illustrated in Fig. 2. In this experi- 
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ment a hydrolysate of plasma containing 0.314 per cent (weight per vol- 
ume) OPG was prepared. A 3 ml. aliquot from this hydrolysate, equiva- 
lent to 0.6 ml. of plasma, was placed on the chromatographic column, and 


a total of 223.2 y of hydroxyproline was recovered. 
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Fig. 2. Chromatographic separation of hydroxyproline from an aliquot equivalent 
to 0.6 ml. of plasma containing 0.314 per cent (weight per volume) OPG. The ali- 
quot was obtained from an acid hydrolysate of the plasma. 0.223 mg. of hydroxy- 
proline was recovered. Based on a content of 11.81 per cent hydroxyproline in the 
gelatin, this is equivalent to 1.89 mg. of OPG or 0.315 per cent (weight per volume) 


OPG in the plasma. 


Results of Analyses for OPG by Hydroxyproline Procedure Applied to Plasma and 
Urine Samples* 


TABLE II 























Theoretical Found | Accuracy Pi my Jd - 
gm. per 100 ml. gm. per 100 ml. per cent per cent 
Plasma 0.314 0.310 + 0.009 98.73 100 + 5.81 
0.628 0.591 + 0.007 94.11 100 + 2.20 
1.260 1.288 + 0.002 102.22 100 + 0.31 
0.209 0.216 + 0.013 103.35 100 + 12.04 
MI Fhe ra hee care can hea we teeh ae 99.61 100 + 5.09 
Urine 0.293 0.281 + 0.008 95.90 100 + 5.69 
0.586 0.566 + 0.021 96.59 100 + 7.42 
1.170 1.104 + 0 94.36 100 + 0 
4.030 3.790 + 0.029 94.04 100 + 1.53 
0.407 0.386 + 0.003 94.84 100 + 1.55 
Sree 5 5s 3A T =" Sr SRE: GREE haere 95.15 100 + 3.24 











* Each analysis reported is the mean of three separate determinations. 
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of 11.81 per cent hydroxyproline in OPG, this amount of the amino acid 
js equivalent to 1.892 mg. of OPG in the sample analyzed and to 0.315 per 
cent (weight per volume) OPG in the original plasma sample. 

Table II lists the results, obtained by the hydroxyproline method, when 
a number of plasma or urine samples containing known amounts of OPG 
were analyzed for this protein. In the plasma samples, OPG was deter- 
mined with a mean accuracy of 99.61 per cent and a precision of 100 + 
5.09 per cent; in the urine, the protein was measured with a mean accuracy 
of 95.15 per cent and a precision of 100 + 3.24 per cent. 


SUMMARY 


1. Because of the presence of large quantities of hydroxyproline in gela- 
tin and its absence from normal blood plasma or urine, the determination 
of this amino acid has been used to measure the content in plasma and 
urine of a modified gelatin (oxypolygelatin). An adaptation of the method 
of Troll and Cannan, which is based on a specific color reaction with nin- 
hydrin, has been utilized for the analysis of hydroxyproline. The inter- 
ference of proline was eliminated by the prior separation of hydroxyproline 
on a chromatographic column. 

2. The hydroxyproline and proline content of oxypolygelatin was found 
by this method to be 11.81 and 13.95 per cent, respectively. 

3. Analyses for oxypolygelatin in plasma were performed by the hy- 
droxyproline method with a mean accuracy of 99.61 per cent; in urine, 
the mean accuracy of the analyses was 95.15 per cent. 
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In the course of studies on enzymatic transamination involving cysteine, 
experiments designed to demonstrate the formation of cysteine from its 
a-keto analogue (8-mercaptopyruvic acid) were performed. When this 
keto acid and glutamine were incubated with the liver glutamine trans- 
aminase system (2, 3), considerable amounts of alanine but no cysteine (o1 
cystine) were formed. Since it was established that neither cysteine nor 
cystine was converted to alanine in this system, the findings suggested the 
formation of pyruvate from §-mercaptopyruvate. The present report 
deals with this conversion, which appears to represent a new type of desul- 
furation reaction. Under appropriate experimental conditions it has also 
been possible to demonstrate formation of cystine from 6-mercaptopyru- 
vate. 


EXPERIMENTAL 


8-Mercaptopyruvic Acid—Ammonium f-mercaptopyruvate was prepared 
as described by Parrod (4, 5), except that 6-bromopyruvic acid was used 
rather than the corresponding chloro derivative. Calculated for C;H- 
O;NS, C 26.3, H 5.2, N 10.2, S 23.4; found,! C 26.2, H 5.2, N 10.1, 8 23.1 
per cent. Sodium $-mercaptopyruvate was prepared by passing a satu- 
rated aqueous solution of the ammonium salt through a sodium-Dowex 50 
column; the compound was crystallized as the dihydrate by addition of 
ethanol to the effluent. Calculated for C;H;0,;SNa-2H:,0, C 20.2, H 4.0, 
8 18.0, Na 12.9; found, C 20.4, H 4.2, 8 18.1, Na 12.8 per cent. The free 
acid was obtained by passing the ammonium salt through a Dowex 50 
column in the acid form. The effluent was evaporated to dryness in vacuo, 
and the acid was recrystallized from acetone-petroleum ether. The com- 
pound melted at 140-141° (138-140° (6)). Calculated for C;H,O,S, C 
30.0, H 3.4, S 26.7; found C 30.4, H 3.7, 8 26.6 per cent. 

The 2,4-dinitrophenylhydrazone of $-mercaptopyruvic acid was pre- 
pared as described by Parrod (4). Calculated, C 36.0, H 2.7, N 18.7, S 


* A preliminary report of this work has appeared (1). 


1 The elemental analyses reported in this paper were performed by Mr. Robert J. 
Koegel and Dr. William C. Alford. 
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10.7; found, C 36.0, H 2.9, N 18.4, S 10.5 per cent; m.p. 161—162°. The 
hydrazone was oxidized to the disulfide form with iodine (4); N, calculated, 
18.8; found, 18.6; m.p. 206-207°. Repeated crystallization of the hy- 
drazone of 8-mercaptopyruvic acid from large amounts of hot water, 50 
per cent ethanol, or ethyl acetate, and of the hydrazone of the disulfide 
form from absolute ethanol, did not alter the melting points. Parrod re. 
ported melting points of 195-200° and 255-260°, respectively, for these 
derivatives. The reason for the discrepancy between the reported and the 
present melting points is at this time unexplained. It is possible that these 
compounds may exist in more than one form (cf. Fones (7)). The phenyl- 
hydrazone of 8-mercaptopyruvic acid was prepared, and this derivative, 
after recrystallization from 50 per cent methanol, melted at 125°, in agree- 
ment with Schneider and Reinefeld (6) who found a melting point of 124- 
125°. 

8-Mercaptopyruvic acid and its salts reduced stoichiometric quantities 
of porphyrindine? when titrated under standardized conditions with re- 
duced glutathione and cysteine for comparison (8), and gave a blue color 
equivalent in intensity to that developed by equimolar cysteine solutions 
when treated with the reagent of Folin and Marenzi (9). 8-Mercapto- 
pyruvate gave a strongly positive nitroprusside spot test on paper (10), 
Oxidation with iodine or a stream of oxygen at pH values of 7.0 to 8.0 at 
26° and 37° led to destruction of the a-keto group and to formation of 
hydrogen sulfide and sulfate. However, oxidation of the ammonium salt 
of 8-mercaptopyruvate with iodine in ethanol as described by Parrod (11) 
gave a compound possessing an elementary analysis compatible with that 
of the corresponding disulfide (calculated, C 26.5, H 4.4, S 23.5, N 10.3; 
found, C 26.0, H 4.7, S 23.4, N 10.4 per cent). The product gave a nitro- 
prusside test only after treatment with cyanide. The corresponding 2,4- 
dinitrophenylhydrazone, in agreement with Parrod, gave a nitrogen analy- 
sis indicating combination with only 1 mole of 2 ,4-dinitrophenylhydrazine 
(N, calculated, 13.4; found, 13.1 per cent). It has been suggested that 
this compound may exist in a form possessing only one free keto group (11). 

Barium 8-Sulfopyruwate—This keto acid* was prepared by oxidative 
deamination of 4.0’gm. of L-cysteic acid with 500 mg. of Crotalus adaman- 
teus venom by a procedure analogous to that described previously for the 


? The authors are indebted to Dr. Jesse P. Greenstein for generous samples of 
porphyrindine and S-benzyl-.-cysteine. 

3 This compound and several other keto acids were studied in the lactic dehydro- 
genase system under conditions previously described (12). The rates of disappear- 
ance of reduced diphosphopyridine nucleotide for 8-mercaptopyruvate, §-sulfopyru- 
vate, S-benzyl-8-mercaptopyruvate, and pyruvate were, respectively, 27,000, 89.6, 
206, and 26,800 X 10-® mole per mg. of enzyme per minute. No sulfur or hydrogen 
sulfide was formed under these conditions. 
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preparation of other a-keto acids (13). Calculated for C;H,0.SBa-2H:0, 
C 10.6, H 1.8, § 9.4, Ba 40.5; found, C 10.6, H 1.8, S 9.6, Ba 40.4 per cent. 
The 2 ,4-dinitrophenylhydrazone was prepared (14) and recrystallized sev- 
eral times from ethanol; m.p. 210°; N, calculated, 16.1; found, 16.2 per cent. 

S-Benzyl-8-mercaptopyruvic Acid—This compound was prepared by oxi- 
dative deamination of 1.665 gm. of S-benzyl-u-cysteine? (15) with 640 mg. 
of venom preparation (13) and crystallized from ethanol-petroleum ether; 
m.p. 137°. Calculated for C1pHw038, C 57.1, H 4.8, 8 15.3; found, C 57.5, 
H 4.9, 8 15.5 per cent. This compound has been prepared by a different 
method by Stekol (16). The 2,4-dinitrophenylhydrazone was recrystal- 
lized from ethanol; m.p. 150° (150° (16)); N, calculated, 14.4; found, 14.1. 

Rat Liver Preparation—An acetone-dried powder of rat liver was ex- 
tracted with 10 volumes of ice-cold water for 3 minutes in a Waring blendor. 
The extract was centrifuged at 5° at 2000 X g for 1 hour, and the super- 
natant solution was shaken for 30 minutes at 22-26° with the residue ob- 
tained by centrifuging an equal volume of calcium phosphate gel (dry 
weight, 15 mg. per cc.) at pH 7.0. Following removal of the gel by cen- 
trifugation, the supernatant solution was lyophilized and stored at 5°. 
Such preparations exhibited a 10- to 20-fold greater activity on the basis 
of nitrogen content than did homogenates of rat liver. Although the 
purification was only moderate, use of the liver preparation was found to 
be convenient in that reproducible results could be obtained over a period 
of several weeks. 

Escherichia coli Preparation—Lyophilized E. coli (strain W) cells (17) 
were ground with 3 parts of Alumina A-301 (Aluminum Company of Amer- 
ica), and the mixture was shaken for 10 minutes with 20 volumes of cold 
water. Following centrifugation, the clear supernatant solution was ly- 
ophilized and stored at 5°. Neither this preparation nor the liver prepara- 
tion exhibited cysteine desulfhydrase activity. 

Other Compounds—Sodium £,8-dimethylpyruvate (13), sodium 8,8 ,6- 
trimethylpyruvate (18), sodium 8-hydroxypyruvate (19), pyridoxal phos- 
phate, and pyridoxamine phosphate (20, 21) were prepared as described. 
8-Mercaptoethanol, thioglycolic acid, and reduced glutathione were ob- 
tained from the Eastman Kodak Company, The Matheson Company, 
Inc., and the Schwarz Laboratories, Inc., respectively. 

Methods—Pyruvate was determined as described by Lu (22). 6-Mer- 
captopyruvate gave approximately 10 per cent as much color as did an 
equimolar amount of pyruvate by this procedure. In order to eliminate 
interference by 8-mercaptopyruvate, the latter compound was precipitated 
prior to analysis by addition to the sample of 1 cc. of 10 per cent mercuric 
sulfate (7.3 gm. of red mercuric oxide per 100 cc. of 4 .N sulfuric acid) fol- 
lowed by centrifugation of the resulting precipitate. Recovery experi- 
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ments indicated that the mercuric sulfate treatment did not affect the 
recovery of pyruvate, and that 8-mercaptopyruvate was quantitatively 
removed under these conditions. 

Hydrogen sulfide was determined colorimetrically (23) and also titri- 
metrically (24) after collection in zinc acetate traps. In experiments with 
8-mercaptoethanol the former procedure was used, since this compound is 
sufficiently volatile to interfere with the titrimetric procedure. Sulfur was 
determined in several experiments by conversion to hydrogen sulfide by 
treatment with cysteine (24, 25). In these studies 3 cc. of 0.1 M cysteine 
were added to the sample at pH 7.0, and the hydrogen sulfide was carried 
over with a nitrogen stream into zinc acetate traps. 

Decarboxylation of a-keto acids was carried out with hydrogen peroxide 
(26) or ceric sulfate (13). Cystine was determined by the procedure of 
Sullivan, Hess, and Howard (27). 

Paper chromatographic procedures‘ were performed as previously de- 
scribed (28), except that ascending chromatograms on Whatman No. 4 
paper were employed. For chromatography of 8-mercaptopyruvate, For- 
mix solvent (28) was used, and the keto acid was visualized after chro- 
matography by the nitroprusside method of Toennies and Kolb (10), or by 
the following procedure: The chromatograms were sprayed with 1 per cent 
mercuric sulfate, thoroughly washed in a stream of tap water, and finally 
placed in an atmosphere of hydrogen sulfide for 2 to 3 minutes. 8-Mer- 
captopyruvate and certain other sulfur-containing compounds were visual- 
ized as black spots on a white background. This procedure was found to 
be somewhat more sensitive than that of Toennies and Kolb and had the 
added advantage that the spots were permanent. However, the procedure 
of Toennies and Kolb was of particular value in distinguishing between 
disulfides and mercaptans. The Ry values for 6-mercaptopyruvic acid, 
thioglycolic acid, cysteine, cystine, and dithiodipyruvic acid in Formix 
solvent were, respectively, 0.36 to 0.43, 0.76 to 0.80, 0.28 to 0.32, 0 to 0.08 
and 0 to 0.05. 


Results 


Experiments with Glutamine Transaminase—In previous studies it was 
found that glutamine transaminated with a wide variety of a-keto acids to 
yield the corresponding amino acid, ammonia, and a-ketoglutaric acid (2, 
3). When 8-mercaptopyruvic acid was studied in this system, there was 
considerable disappearance of glutamine and formation of ammonia (Table 
I). However, paper chromatographic studies revealed the formation of 
alanine rather than cysteine (or cystine). On the other hand, with other 


4The authors thank Dr. Herbert A. Sober for valuable advice concerning the 
chromatographic procedures. 
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p-substituted derivatives of pyruvic acid such as 6-hydroxypyruvate, £- 
sulfopyruvate, and S-benzyl-8-mercaptopyruvate, the corresponding amino 
acids were formed. Incubation of cysteine or cystine with this enzyme 
preparation did not lead to the formation of alanine. 

Conversion of B-Mercaptopyruvate to Pyruwwate—The findings suggested 
that 8-mercaptopyruvate was converted to pyruvate, and this possibility 
was shown to be correct by isolation of the pyruvate as the crystalline 
2,4-dinitrophenylhydrazone. In a large scale experiment, the hydrazone 
was isolated in 80 per cent yield; m.p. 216°; mixed m.p. 216°; N, calculated, 
20.9; found, 20.8 per cent. When the conversion of 8-mercaptopyruvate 
to pyruvate was studied with the liver preparation described in the experi- 


TABLE I 
Transamination between Glutamine and a-Keto Acids* 














a-Keto acid NH; formed ——_ Amino acid formedt 
uM pM 
MR Siriniing auntie oc > ele ac vaqnee 7.30 7.92 | Alanine 
B-Hydroxypyruvic............. ++... 1.91 1.63 Serine 
§-Mercaptopyruvic coos) — 6.21 Alanine 
6-Sulfopyruvic...... ane 3.53 3.03 Cysteic acid 
§-Benzyl-8-mercaptopyruvic....... 9.09 8.80 S-Benzylcysteine 





* The reaction mixtures contained 10 um of L-glutamine, 20 um of keto acid, and 
40 mg. of glutamine transaminase preparation (3) in 1.5 cc. of 0.05 m Veronal buffer 
(pH 8.2); incubated for 2 hours at 37°. 

+ Based on disappearance of glutamine. 

t Identified by paper chromatography. 


mental section, several observations were made: (a) The optimal pH range 
for the reaction was between 7.5 and 8.5 (Fig. 1). (b) The reaction rate 
was initially rapid, but pyruvate formation practically ceased after 10 to 
15 minutes of incubation at a level dependent upon the concentration of 
liver preparation employed (Fig. 2). (c) The maximal conversion of 6- 
mercaptopyruvate to pyruvate was 65 to 68 per cent of the theoretical, 
and addition of more liver preparation initially or at point A (Fig. 2) did 
not result in further pyruvate formation. On the other hand, when addi- 
tional substrate was added at point A, about 60 per cent of this was con- 
verted to pyruvate. (d) When a low concentration of liver preparation 
was used initially, addition of more liver preparation (e.g. at point B, Fig. 
2) resulted in some increase in pyruvate formation, although the total 
pyruvate formation was never greater than 35 per cent of the theoretical 
maximum. (e) Similar results were obtained aerobically and anaerobi- 
cally. (f) The reaction did not take place when the liver preparation was 
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heated at 50° for 3 minutes or at 100° for 30 seconds prior to addition of 
substrate. (g) No sulfate, sulfite, or hydrogen sulfide was formed with 
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Fia. 1. pH dependence of the conversion of 8-mercaptopyruvate to pyruvate. 
The reaction mixtures contained sodium §-mercaptopyruvate (30 um) and liver 
preparation (3 mg.) in 1 ce. of 0.1 Mm potassium phosphate buffer (O) or sodium 
borate buffer (A); incubated for 5 minutes at 37°. 
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Fic. 2. Effect of liver preparation concentration on the conversion of 8-mercapto- 
pyruvate to pyruvate. The reaction mixtures contained sodium §-mercaptopyru- 
vate (30 um) and liver preparation in the quantities indicated in 1 cc. of 0.1m potas- 
sium phosphate buffer (pH 7.5); 37°. The ordinate represents per cent conversion 
to pyruvate. 


substrate concentrations of 0.01 to 0.20 m. (h) Dialysis of the liver prepa- 
ration against distilled water for 18 hours at 5° did not affect the course 
of the reaction. 

Formation of Sulfur—It was noted early in these studies that incubation 
of 8-mercaptopyruvate with liver preparations or with extracts of EZ. coli 
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resulted in progressive development of turbidity, which was directly pro- 
portional to pyruvate formation. Centrifugation of the turbid solutions 
resulted in the sedimentation of a white precipitate, which was insoluble 
in water and in 2 Nn hydrochloric acid. Hydrolysates of the precipitate 
and of the original protein preparations, prepared by refluxing with 6 N 
hydrochloric acid for 18 hours, were examined by paper chromatography 
and found to contain the same amino acids in concentrations of about the 
same order of magnitude. In a large scale experiment with the liver 
preparation and with 1.068 gm. of sodium $-mercaptopyruvate, the dried 
precipitate weighed 1.211 gm. and contained 7.73 per cent sulfur.5 On the 
basis of nitrogen, the precipitate represented 18.0 per cent or 1.11 gm. of 
the original protein added, and, since this material contained 0.71 per cent 














TaBLeE II 
Conversion of 8-Mercaptopyruvate to Pyruvate and Sulfur* 
Time | Pyruvate Sulfurt 
Sy a | a aa "an 
5 5.95 5.80 
20 13.2 13.3 
60 15.0 14.7 
60t 30.2 28.1§ 


* The reaction mixtures contained 30 um of sodium 8-mercaptopyruvate and 10 


mg. of liver preparation in 1.5 cc. of 0.1 M potassium phosphate buffer (pH 7.5); incu- 
bated at 37°. 


t Determined as hydrogen sulfide titrimetrically. 
t The reaction mixture also contained 0.267 m 8-mercaptoethanol. 
§ Hydrogen sulfide formed as determined colorimetrically. 


sulfur, the total “extra” sulfur content of the precipitate was 85.7 mg. or 
2.68 mm. This value is in good agreement with that for total pyruvate 
formation, which was 2.81 mm. Extraction of a 300 mg. sample of the 
precipitate with carbon disulfide in a Soxhlet apparatus for 36 hours, fol- 
lowed by evaporation of the solvent, yielded 23.6 mg. of elemental sulfur, 
which gave 94 per cent of the theoretical silver sulfate on oxidation (29). 
The stoichiometric relationship between pyruvate and sulfur formation 
was also demonstrated in experiments in which the reaction was stopped 
by heating at 100° for 1 minute, followed by analyses for pyruvate and, 
after treatment with an excess of cysteine, for hydrogen sulfide (Table IT). 


5 The sulfur content of the precipitate varied considerably, depending upon the 
quantity of protein employed. When 2.5 cc. of 0.08 m 8-mercaptopyruvate and 2.5 
ce. containing 40, 80, and 320 mg. of liver preparation were incubated for 1 hour at 
37°, the total sulfur content of the resulting precipitates was 15.8, 11.2, and 6.4 per 
cent, respectively. Studies with the Z. coli preparation gave similar results. 








568 ENZYMATIC DESULFURATION 


The evidence suggests that the precipitate formed in this reaction con- 
sists of a protein-sulfur complex in which the presence of sulfur is respon- 
sible for the insoluble nature of the material. When the sulfur-protein 
precipitate was treated with 0.2 m solutions of cysteine, thioglycolate, 
6-mercaptoethanol, or reduced glutathione at pH 7.5, hydrogen sulfide was 
liberated in quantities equivalent to the extra sulfur content of the pre- 
cipitate. In the experiments with 8-mercaptoethanol, the protein, which 
was made soluble by the treatment with the mercaptan, was tested for 
activity in converting §-mercaptopyruvate to pyruvate. The protein 
made soluble possessed approximately 70 per cent of the original activity 
on the basis of nitrogen. 

The findings suggest that (a) there is no apparent stoichiometric relation- 
ship between sulfur and protein, (b) the sulfur-protein linkage is relatively 
weak, (c) the combination of sulfur and protein is reversible with the re- 
lease of soluble active protein on treatment with 8-mercaptoethanol, and 
(d) the sulfur moiety reacts in a manner similar to that of elemental sulfur. 

Inhibition by Pyrwate and Other Compounds—Since the conversion of 
6-mercaptopyruvate to pyruvate failed to proceed to completion even with 
high concentrations of the liver preparation, the possibility was considered 
that the conversion might be inhibited by the products of the reaction. 
Addition of elemental sulfur or of the protein-sulfur precipitate did not 
alter the course of the reaction. However, pyruvate inhibited in concen- 
trations equimolar with the substrate, and the effect was more pronounced 
at higher pyruvate concentrations (Table III). 8,8-Dimethylpyruvate 
and 8,8,8-trimethylpyruvate were not inhibitory, while 8-hydroxypyru- 
vate produced inhibition of the same order of magnitude as that observed 
with pyruvate. The findings suggest that the failure of the conversion to 
proceed beyond 65 to 68 per cent can be attributed only in part to inhibi- 


‘tion by pyruvate. 


Several other compounds were also found to inhibit the reaction. Un- 
der the conditions described in Table III, ammonium chloride (0.1 m), 
L-cysteine (0.1 mM), copper sulfate (0.01 m), cobaltic chloride (0.01 m), and 
ferric chloride (0.01 m) produced inhibition of 40, 21, 80, 34, and 10 per 
cent, respectively. Potassium cyanide (0.01 m), hydrogen sulfide (0.01 m), 
pyridoxal phosphate (0.0001 m), pyridoxamine phosphate (0.0001 m), and 
tetrasodium ethylenediaminetetraacetate (0.01 m) did not affect the re- 
action. 

Activation by 8-Mercaptoethanol—Since it was recognized that consider- 
able inactivation of the enzyme occurred during the course of the reaction 
owing to precipitation with sulfur as noted above, the effect of several 
mercaptans was investigated. It was found that 8-mercaptoethanol in- 
creased the rate of pyruvate formation, and that the reaction went to 
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completion in the presence of this reagent, with theoretical conversion of 
g-mercaptopyruvate to pyruvate and hydrogen sulfide (Table II, Fig. 3). 
The pyruvate formed was isolated as the 2,4-dinitrophenylhydrazone in 
85 per cent yield; m.p. 216°, mixed m.p. 216°; N, calculated, 20.9; found, 


TasBie III 
Inhibition by a-Keto Acids* 

















a-Keto acid Concentration | Sulfur formedt Rat cA ml 
M uM 
EE SE ee ey ee Meee ee 18.9 
NG a6 ssw 'o se bin <scs cnn ty oe : 0.03 15.7 17.0 
onl SP ee A Re ee eT cee pt saa 0.06 8.45 55.3 
2 cline Fee SUED Ie Wh Re Le Se 0.12 3.97 78.9 
ait leaks bk Fs sok hike aad ses 0.18 1.08 94.2 
g-Hydroxypyruvic. . . idleeten eel 0.06 11.5 39.1 
I i i de ee ie oe 0.12 7.41 60.8 
“ ihn iain rainy | 0.18 | 3.16 | 83.1 
8,8-Dimethylpyruvic Pee es 0.18 | 18.8 | 0 
6,68,8-lrimethylpyruvic............. “oa 0.18 19.1 | 0 





* The reaction mixtures contained sodium 6-mercaptopyruvate (0.03 m), keto acid 
as indicated, and 20 mg. of liver preparation in 1.0 cc. of 0.1 m potassium phosphate 
buffer (pH 7.5); incubated for 15 minutes at 37°. 

+ Determined as hydrogen sulfide. 
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Fic. 3. A, activation by 8-mercaptoethanol. The reaction mixtures contained 
sodium B-mercaptopyruvate (30 um), 8-mercaptoethanol, and 2 mg. of liver prepara- 
tion in a final volume of 1 cc. of 0.1 M potassium phosphate buffer (pH 7.5) ; incubated 
for 15 minutes at 37°. B, effect of delayed addition of 6-mercaptoethanol (MER). 
Conditions as given in A; the 6-mercaptoethanol concentration was 0.267 mM. The 
abscissa represents time (after mixing of 8-mercaptopyruvate and liver preparation) 
of addition of 0.1 cc. of 2.67 m B-mercaptoethanol. 
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20.9 per cent. Hydrogenation of the hydrazone (platinum oxide catalyst, 
40 pounds pressure, 26°, 18 hours) resulted in the formation of alanine 
which was identified by paper chromatography. 

The effect of 8-mercaptoethanol can be ascribed, at least in part, to 
prevention of inactivation of the enzyme by conversion of sulfur to hydro- 
gen sulfide. However, as will be seen from the following experiment, 
8-mercaptoethanol also appeared to inhibit the conversion of 6-mercapto- 
pyruvate to another product (or products). When $-mercaptoethanol 
was added initially, the reaction went to completion, but, if the mercap- 
tan was added after 6-mercaptopyruvate and the liver preparation were 
mixed, considerably less conversion occurred. Thus, in the experiment 
described in Fig. 3, B, the concentration of liver preparation employed 
catalyzed a conversion of 100 and 28 per cent in the presence and absence 
of 6-mercaptoethanol, respectively. When this reagent was added 15 min- 
utes after initial mixing, a conversion of only 43 per cent was observed, 
while 8-mercaptoethanol had no effect when added after 30 minutes. 8- 
Mercaptoethanol itself was not oxidized by the liver preparation as deter- 
mined by iodometric titration. 

It therefore became of interest to consider the nature of the alternative 
conversion product (or products) of 8-mercaptopyruvate. Several obser- 
vations were made which appear to bear on this problem: (a) In the experi- 
ment described in Fig. 3, A (without 6-mercaptoethanol), the nitroprusside 
test disappeared progressively with incubation, and was negative after 30 
minutes. However, a strongly positive test was obtained after addition 
of sodium cyanide. Paper chromatograms carried out after incubation 
revealed a spot in the 6-mercaptopyruvate area and a less intense new 
spot with an Ry value in Formix solvent of 0.05, which coincided with that 


.given by the dithiodipyruvate product (10). These spots were visualized 


with nitroprusside only if cyanide was present. (b) In the experiments 
described in Figs. 2 and 3, B, determination of total a-keto acid revealed 
that there was no significant difference between the initial and final keto 
acid concentrations. (c) The reaction mixtures were deproteinized with 
trichloroacetic acid and treated with mercuric sulfate reagent, and the 
resulting precipitates were washed with 0.1 M potassium phosphate buffer 
(pH 7.5) by centrifugation until the supernatant solutions were no longer 
acid. After incubation of these precipitates with 8-mercaptoethanol and 
the liver preparation for 30 minutes, 80 per cent of the theoretical amount 
of pyruvate was formed. When authentic 8-mercaptopyruvate was pre- 
cipitated and treated in this manner, 90 per cent of the theoretical pyru- 
vate was formed. (d) A large scale experiment was carried out with 
concentrations of liver preparation and substrate comparable to those 
given in Fig. 3, B. After deproteinization, mercuric sulfate reagent was 
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added, and the resulting white precipitate was washed several times with 
water and treated with hydrogen sulfide. After filtration, an excess of 
hot 1 per cent 2,4-dinitrophenylhydrazine in 2 N hydrochloric acid was 
added, yielding a hydrazone, which, after crystallization from 50 per cent 
alcohol, appeared to be identical with that of 6-mercaptopyruvate; m.p. 
161°; mixed m.p. 161°; N, calculated, 18.8; found, 18.7 per cent. The 
paper chromatographic behavior of the two hydrazones was identical. 

The evidence suggests that 6-mercaptopyruvate is converted to a prod- 
uct (or products) closely related to it and that 8-mercaptoethanol prevents 
but does not reverse this conversion. It is possible that mercaptole forma- 
tion (see Schubert (30)) occurs between pyruvate and 8-mercaptopyruvate, 
or by self-condensation of the latter compound. Some 6-mercaptopyru- 
vate may be oxidized to the corresponding disulfide. Experiments with 
the dithiodipyruvate product (10) revealed that this compound was not 
converted to pyruvate, sulfur, or hydrogen sulfide, when incubated with 
the liver preparation in the presence and absence of 0.25 m 8-mercapto- 
ethanol. 

The effect of several other mercaptans on the conversion of 6-mercapto- 
pyruvate to pyruvate was also investigated. The reaction was activated 
and went to completion in the presence of 0.15 m 2,3-dimercaptopropanol. 
Cysteine had no effect in concentrations less than 0.05 m, and inhibited 
at higher concentrations as previously noted. Thioglycolate and gluta- 
thione were found to catalyze non-enzymatic formation of pyruvate from 
8-mercaptopyruvate. When solutions containing 0.03 m 8-mercaptopyru- 
vate and 0.3 m thioglycolate in 0.1 m phosphate buffer (pH 7.5) were incu- 
bated at 37° for 30 minutes, a 54.5 per cent conversion to pyruvate was 
observed, and hydrogen sulfide was formed in the course of the reaction. 
Under the same conditions, 9.5 per cent conversion to pyruvate was ob- 
served with 0.3 m glutathione. Non-enzymatic conversion was not noted 
with 0.01 to 2 m 6-mercaptoethanol. The mechanism of the non-enzy- 
matic conversion to pyruvate, as well as that catalyzed by biological prepa- 
rations, remains to be elucidated, and it is possible that both phenomena 
may ultimately be found to proceed by similar chemical mechanisms. 

Cystine Formation—The conditions of the experiment described in Fig. 
3, B permit relatively little conversion of 8-mercaptopyruvate to pyruvate 
in the absence of 8-mercaptoethanol, and the evidence indicates that the 
remainder of the substrate is not available for conversion to pyruvate. 
By using these conditions it was possible to demonstrate cystine formation 
in the glutamine transaminase system. §-Mercaptopyruvate was incu- 
bated with a low concentration of liver preparation for 30 minutes, after 
which glutamine and the glutamine transaminase fraction were added and 
incubation continued for 120 minutes. The formation of cystine was dem- 
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onstrated by paper chromatography and the cystine was quantitatively 
determined as described by Sullivan, Hess, and Howard (27). Cystine 
was also formed to a slight extent in experiments in which most of the 


TaBLe IV 


Formation of Cystine by Transamination* 











Substrates ee Cystine | Pyruvate 
uM | BM 
(1) 8-Mercaptopyruvate | L. | 0 | 10.4 
(2) sig G. 0 | §2.1 
(3) és + glutamine = | 1.22 
(4) Y + ™ b., Gs. | 7.00 | 





* The reaction mixtures contained 80 um of sodium £-mercaptopyruvate, 40 uM of 
L-glutamine, 6 mg. of liver preparation (L.), and 60 mg. of glutamine transaminase 
fraction (G.) as indicated in 2.5 cc. of 0.05 m potassium phosphate buffer (pH 7.5); 
incubated at 37° for 3 hours. In (4) 8-mercaptopyruvate was incubated with L. for 
1 hour at which time glutamine and G, were added and the incubation continued for 
2 more hours. 














TABLE V 
Conversion of B-Mercaptopyruvate to Pyruvate by Various Tissues* 
Pyruvate Pyruvatet 
pM uM 
OS PEE LL TORT CORTE TT TTT 6.12 13.3 
RR Pee err ere 5.94 11.9 
ER Se sate re cers «Soincans Fieeats 3.49 5.75t 
fhe oc, a I ee eee 3.80 9.40 
A So os esa Sea aiies daews odes 1.20 11.5 
ee at ee 2.50 7.01f 
eee 2.70 7.75 
ER eet ch ave acs ogs dina x ne laren aoa ig ook 2.71 13.2 
** testis Ses ds Sg Air pn a RE an 1.00 7.19 
“ hepatoma (Novikofl)§..................: 2.10 8.46 
Wy nS 5a) Siok cs cia wicinas cits oles 5.31 13.6|| 
ee ee ee eee 3.51 10.9]| 
Clostridium welchit SR 12........ 0 0 








* The reaction mixtures contained 0.25 cc. of homogenate (1 part of tissue to 10 
parts of water) or a suspension of lyophilized bacteria (equivalent to 20 mg. dry 
weight) and 0.5 cc. containing 15 um of sodium 6-mercaptopyruvate; incubated for 15 


minutes at 37°. 


+ 0.25 Mm B-mercaptoethanol added. 


t Homogenate diluted 1:5. 


§ Donated by Dr. R. E. Greenfield. 


|| Suspension diluted 1:4. 








cont 
pap 
Tab 
not 
C 
desc 
kidn 
orga 
etha 


Al 
ago, 
porte 
extra 
did 1 
this | 
cysti 
capal 
the ¢ 

B-} 
the ¢ 
pecte 
teine. 
vate 
the d 
amm: 
cyste 
tions 
capto 
pyru\ 
studi 
conel 
that 
(32). 
from 
(33). 
degra 
was fi 

Tra 
tamic 





ely 
ine 


the 


M of 
nase 
7.5); 
. for 


d for 





2 to 10 
g. dry 
| for 15 





A. MEISTER, P. E. FRASER, AND S. V. TICE 573 


g-mercaptopyruvate was converted to pyruvate; however, under these 
conditions the small amount of cystine formed was not visualized on the 
paper chromatograms. Cysteine, incubated in the system described in 
Table IV, was recovered as cystine. The dithiodipyruvic acid product did 
not yield cystine under these conditions. 

Conversion of 8-Mercaptopyruvate to Pyrwate by Various Tisswes—As 
described in Table V, a number of rat tissues exhibited activity, liver and 
kidney being the most active of those examined. Two of the three micro- 
organisms studied also catalyzed the reaction. Activation by 8-mercapto- 
ethanol was observed with each of the active preparations studied. 

DISCUSSION 

Although 6-mercaptopyruvic acid was first prepared more than a decade 
ago, relatively few biochemical studies of this compound have been re- 
ported. Parrod (31) found that rabbits fed 8-mercaptopyruvate excreted 
extra sulfate in the urine. Stekol (16) observed that 8-mercaptopyruvate 
did not replace cystine in promoting growth of rats and suggested that 
this keto acid was metabolized before it could be converted to cysteine or 
cystine. The present finding of a widely distributed and active system 
capable of converting 8-mercaptopyruvate to pyruvate is in accord with 
the observations of Stekol. 

8-Mercaptopyruvate has been suggested as a possible intermediate in 
the cysteine desulfhydrase reaction (24), and this keto acid would be ex- 
pected to arise from the transamination or oxidative deamination of cys- 
teine. The system responsible for the desulfuration of 8-mercaptopyru- 
vate to pyruvate and sulfur is clearly different from that which catalyzes 
the degradation of cysteine (or cystine) to pyruvate, hydrogen sulfide, and 
ammonia, since the preparations used in the present study did not attack 
cysteine or cystine. In addition, the markedly different tissue distribu- 
tions of these activities are notable. However, the possibility that 6-mer- 
captopyruvate may be an intermediate in certain systems which catalyze 
pyruvate formation from cysteine is not excluded. Evidence obtained in 
studies on the aerobic decomposition of cysteine by LE. coli has led to the 
conclusion that the reaction occurs in two stages, and to the suggestion 
that 8-mercaptopyruvate might be an intermediate in this degradation 
(32). It has also been reported that yeast cells liberated hydrogen sulfide 
from 8-mercaptopyruvate considerably more rapidly than from cysteine 
(33). Although sulfur was isolated as a product of 8-mercaptopyruvate 
degradation in the present studies, it was also shown that hydrogen sulfide 
was formed in the presence of suitable reducing agents. 

Transamination between cysteine and a-ketoglutaric acid to yield glu- 
tamic acid has been reported (34), and similar results have been obtained 
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in our Laboratory, under conditions whereby cysteine desulfhydrase actiy- 
ity was not present. Another pathway of cysteine degradation may there- 
fore be considered in which cysteine is converted to 6-mercaptopyruvate 
by transamination, followed by desulfuration of this keto acid to pyruvate, 


SUMMARY 


1. In experiments on transamination between glutamine and 6-mercap- 
topyruvate, alanine rather than cysteine (or cystine) was formed. Under 
the same conditions, transamination between glutamine and 6-hydroxy- 
pyruvate, 8-sulfopyruvate, S-benzyl-6-mercaptopyruvate, and pyruvate 
yielded products including serine, cysteic acid, S-benzylcysteine, and 
alanine, respectively. The preparation of barium 6-sulfopyruvate and of 
S-benzyl-8-mercaptopyruvic acid is described. 

2. Further study revealed that 8-mercaptopyruvate was converted to 
pyruvate by preparations of rat liver, other rat tissues, and certain micro- 
organisms. A partially purified rat liver preparation catalyzed the stoi- 
chiometric formation of pyruvate and sulfur from $-mercaptopyruvate. 
The reaction proceeded to 65 to 68 per cent of the theoretical maximum, 

3. A precipitate consisting of sulfur and protein was formed during the 
course of the reaction. This insoluble product yielded hydrogen sulfide 
and soluble active protein on treatment with 6-mercaptoethanol. Ele- 
mental sulfur was obtained from the precipitate by extraction with carbon 
disulfide. 

4, B-Mercaptoethanol activated the conversion of 6-mercaptopyruvate 
to pyruvate, and in the presence of this reagent the reaction proceeded to 
completion with the formation of stoichiometric quantities of pyruvate and 
hydrogen sulfide. This occurred, however, only when 8-mercaptoethanol 


_ was present initially. 


5. Under experimental conditions whereby appreciable conversion of 
B-mercaptopyruvate to pyruvate did not occur, the formation of cystine 
was observed. 

6. A possible pathway of cysteine degradation is considered in which 
cysteine is converted by transamination to 6-mercaptopyruvate and the 
latter compound desulfurated to pyruvate. 
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Although the a-keto analogues of most of the common natural amino 
acids have been prepared, there are apparently no reports describing the 
preparation of the a-keto acids corresponding to arginine (a-keto-d-guan- 
idinovaleric acid), ornithine (a-keto-d-aminovaleric acid), and lysine (a- 
keto-e-aminocaproic acid). The 2,4-dinitrophenylhydrazones of a-keto-é- 
aminovaleric (1-3) and a-keto-d-guanidinovaleric (4) acids have been 
isolated; however, the free acids were not obtained. In the present com- 
munication the preparation of a-keto-d-guanidinovaleric acid, as well as 
a-keto-5-nitroguanidinovaleric acid, by enzymatic oxidative deamination 
(5) of the corresponding L-amino acids is described. 

Since lysine and ornithine were oxidized relatively slowly, the a-keto 
acids corresponding to these amino acids were therefore obtained as the 
w-N-carbobenzoxy derivatives, by enzymatic oxidation of the more suscep- 
tible w-N-carbobenzoxyamino acids. The carbobenzoxy groups were then 
removed from the resulting a-keto acids by treatment with hydrobromic 
acid in acetic acid solution (6), yielding the hydrobromides of the desired 
compounds. The a-keto analogues of lysine and ornithine would be ex- 
pected to exhibit tendency to cyclize by condensation of the a-keto and 
w-amino groups. However, the properties of the keto analogues of lysine 
and ornithine include ability to form 2,4-dinitrophenylhydrazones, de- 
carboxylation with hydrogen peroxide to the corresponding w-amino acids, 
and non-enzymatic transamination with pyridoxamine to form lysine and 
ornithine, respectively. On the other hand, hydrogenation of these keto 
acids, or their w-N-carbobenzoxy derivatives, resulted in the formation of 
pipecolic acid and proline, respectively, a finding compatible with the ex- 
pected tendency to cyclization. 


EXPERIMENTAL 
Methods —Arginase (7), arginine decarboxylase (8),' lysine decarboxylase 


(9),! and ornithine decarboxylase (10)! were prepared as described. 
Ascending paper chromatographic studies on Whatman No. 4 paper were 


‘Cultures of the organisms possessing specific decarboxylase activity were ob- 
tained through the courtesy of Dr. E. F. Gale. 
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carried out with the solvent mixtures used previously (11), as well as with 
a solvent consisting of methanol, water, and pyridine (80:20:4) (12). 

Microbiological procedures were performed as described by Davis and 
Mingioli (13).? 

a-Keto-5-guanidinovaleric Acid—2 gm. of L-arginine hydrochloride were 
oxidatively deaminated with 300 mg. of dialyzed Crotalus adamanteus 
venom in the presence of crystalline catalase. The procedure was similar 
to that previously described (5), except that the ion exchange step was 
omitted. When oxidation was complete, the solution was dialyzed against 
two changes of distilled water and the combined dialysates were evaporated 
in vacuo to about 15 cc.? The free a-keto acid crystallized as the mono- 
hydrate on cooling. After recrystallization from hot water, the yield of 
pure material was 1.3 gm. (72 per cent). The product darkened at 221° 
but did not melt when heated to 250°. The keto acid gave a positive 
Sakaguchi test (14). Calculated for CsH10O;N;-H.O, C 37.7, H 6.9, N 
22.0; found, C 37.8, H 6.9, N 21.8 per cent. The acid gave an immediate 
crystalline precipitate on addition of 1 per cent 2 ,4-dinitrophenylhydrazine 
in 2 n hydrochloric acid. The hydrazone darkened at 218° but did not 
melt when heated to 250°; calculated for C:2H:1;0¢.N7-H.O, C 38.8, H 4.6, 
N 26.4; found, C 38.9, H 4.5, N 26.2 per cent. The flavianate was pre- 
pared by mixing concentrated aqueous solutions containing equimolar 
quantities of flavianic acid and the a-keto acid. The resulting crystalline 
product was recrystallized from ethanol, and on analysis gave the follow- 
ing: calculated for CisHi7OuN;S8, C 39.4, H 3.5, N 14.4, S 6.6; found, C 
39.9, H 3.8, N 14.4, 8 6.7 per cent. 

a-Keto--nitroguanidinovaleric Acid—4.4 gm. of L-nitroarginine, prepared 
according to Bergmann, Zervas, and Rinke (15), were oxidatively deam- 


inated with 1.2 gm. of venom as described (5). The free a-keto acid was 


isolated and crystallized from hot water; the yield of pure compound was 
4.0 gm. (91 per cent); m.p. 160°. Calculated for CsHioOsNu, C 33.0, H 
4.6, N 25.7; found, C 33.2, H 4.6, N 25.5 per cent. The corresponding 
2 ,4-dinitrophenylhydrazone (recrystallized from glacial acetic acid) melted 
at 225°; calculated for C1sHyOsNs, C 36.2, H 3.6, N 28.1; found, C 36.0, 
H 3.6, N 27.8 per cent. 

Neither a-keto-5-guanidinovaleric acid nor a-keto-é-nitroguanidinova- 
leric acid was decarboxylated by yeast carboxylase, whereas both gave 
equimolar quantities of carbon dioxide when treated with ceric sulfate (5) 


2 The author is indebted to Dr. B. D. Davis for cultures of the Z. coli mutants 
used in this study. 

3 About 80 per cent of the oxidase activity was recovered after lyophilization of 
the contents of the dialysis sac. 

‘The microanalyses reported in this paper were performed by Mr. R. J. Koegel 
and Dr. W. C. Alford. 
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or hydrogen peroxide (16). Both a-keto-5-guanidinovaleric and a-keto-é- 
nitroguanidinovaleric acids exhibited low activity in the lactic dehydro- 
genase system. Under the conditions previously described (17), the rates 
of reduction were 9.00 and 42.6 X 10-* mole per mg. of enzyme per min- 
ute, respectively. (Rate for pyruvate = 26,800.) Neither keto acid, nor 
nitroarginine, was attacked by arginase or by arginine decarboxylase. 

Non-enzymatic transamination between these keto acids and pyridox- 
amine yielding arginine and nitroarginine, respectively, was demonstrated 
as follows (18): Solutions containing 180 um of keto acid, 60 um of pyridox- 
amine, and 0.4 um of aluminum chloride in 0.4 cc. of 0.1 mM sodium acetate 
buffer (pH 4.9) were heated at 100° for 30 minutes. Paper chromato- 
graphic study revealed formation of the corresponding amino acids and 
disappearance of approximately half of the pyridoxamine. In the experi- 
ment with a-keto-5-guanidinovaleric acid, 12.0 um of L-arginine were formed 
as determined with arginine decarboxylase. 

a-Keto-6-N-carbobenzoxyvaleric Acid—6-N -Carbobenzoxy-t-ornithine was 
prepared by a procedure analogous to that of Neuberger and Sanger for the 
corresponding lysine derivative (19). 5 gm. of 6-N-carbobenzoxy-.L-orni- 
thine were oxidatively deaminated with 500 mg. of the venom preparation 
(5). When the reaction was complete, the mixture was acidified to Congo 
red paper with concentrated hydrochloric acid, and the solution was ex- 
tracted with several portions of ethyl acetate. The ethyl acetate extracts 
were combined, dried over anhydrous sodium sulfate, and evaporated to a 
thick oil, which, after repeated washing with petroleum ether, solidified on 
standing at —10° for 3 weeks. The compound was crystallized from ace- 
tone-petroleum ether; m.p. 121°. The yield of pure material was 3.4 gm. 
(68 per cent). Calculated for Cy;3His0;N, C 58.9, H 5.7, N 5.3; found, 
C 58.6, H 5.6, N 5.2 per cent. The keto acid readily formed a 2,4- 
dinitrophenylhydrazone which, after recrystallization from ethyl acetate, 
melted at 194°; calculated for CigHigOsN5, C 51.2, H 4.3, N 15.7; found, 
C 51.3, H 4.4, N 15.7 per cent. 

a-Keto-6-aminovaleric Acid (A'-Pyrroline-2-carboxylic Acid)—Attempts to 
prepare a-keto-d-aminovaleric acid in pure form by catalytic hydrogenation 
of the carbobenzoxyketo acid (palladium black, 50 per cent methanol, 2 
equivalents of hydrochloric acid) were not successful. Paper chromato- 
graphic study indicated that the hydrogenated material was a mixture, the 
major component of which was identified as proline. 

Removal of the carbobenzoxy group as described by Ben-Ishai and Ber- 
ger (6) was carried out as follows: 100 mg. of a-keto-é-N-carbobenzoxy- 
valeric acid were mixed with 0.5 cc. of glacial acetic acid saturated with 
hydrogen bromide at 22-26°. After standing at this temperature for 30 
minutes with occasional shaking, carbon dioxide evolution had ceased, and 
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15 cc. of dry ether were added yielding 50 mg. of a white crystalline pre- 
cipitate. This was washed thoroughly with dry ether and placed in vacuo 
over phosphorus pentoxide and sodium hydroxide. On analysis the follow- 
ing values were obtained: C 30.6, H 4.4, N 7.2, Br 41.0 per cent. These 
data agree with the composition of the hydrobromide of A!-pyrroline-2- 
carboxylic acid (calculated for C;H;02N- HBr, C 30.9, H 4.1, N 7.2, Br 41.2 
per cent). The product became yellow when heated to 118° and decom- 
posed at 136°.° Several properties of the product were investigated: (a) 
The addition of a 2-fold excess of 1 per cent 2 ,4-dinitrophenylhydrazine in 
2 n hydrochloric acid to a solution of 50 mg. of the product in 1 ce. of 
water resulted in immediate precipitation of a crystalline hydrazone. On 
recrystallization from hot water 40 mg. were obtained, with a melting 
point of 211-212° (N, calculated for CuHisO6N;, 22.5; found, 22.4 per 
cent). The hydrazone did not contain inorganic halogen. The hydro- 
chloride of the 2,4-dinitrophenylhydrazone of a-keto-6-aminovaleric acid 
was prepared as described by Krebs (1) by oxidation of pi-proline with 
p-amino acid oxidase. A slight excess of aniline was added to an ethanolic 
solution of the hydrazone hydrochloride, resulting in precipitation of the 
free hydrazone. After crystallization from water, the melting point was 
211-212°. A mixed melting point with the hydrazone prepared from the 
product showed no depression. The paper chromatographic behavior of 
the two hydrazones was identical. (b) The product gave stoichiometric 
quantities of carbon dioxide when treated with ceric sulfate (5) or with 
hydrogen peroxide (16). After treatment with hydrogen peroxide at pH 
values of 2.5 or 7.5, y-aminobutyric acid formation was revealed by paper 
chromatography and no glutamic acid was detected.” (c) Solutions con- 
taining 160 um of pyridoxamine, 40 um of the product, and 2 uM of alu- 


_ minum chloride in 2 cc. of 0.1 m sodium acetate buffer (pH 4.9) were 


heated at 100° for 30 minutes. The solutions became markedly yellow 
after 5 minutes of heating, suggesting formation of pyridoxal. Ornithine 
formation was revealed by paper chromatography, and assay with Esch- 
erichia coli, mutant 160-37, gave a value of 5.6 um of L-ornithine. (d) 
Hydrogenation of 108 um of the product with platinum oxide catalyst (40 


5 The product became yellow and liquefied when exposed to the air at room tem- 
perature for several hours. The instability of the compound may be due to poly- 
merization. Vogel and Davis (20) observed that A'-pyrroline-5-carboxylic acid ap- 
parently polymerizes readily, a property which prevented isolation of this compound 
in pure form. 

6 Stoichiometric decarboxylation was observed with freshly prepared solutions, 
and with solutions of the products in 0.1 N hydrochloric acid, 0.1 N sodium hydroxide, 
and 0.1 m phosphate buffer (pH 7.5), which were allowed to stand at 37° for 5 hours 
prior to decarboxylation. 

7Under these conditions, glutamic-y-semialdehyde (A!-pyrroline-5-carboxylic 
acid) yielded glutamic acid and no carbon dioxide. 
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pounds pressure, 22-26°, 18 hours) yielded a solution containing 29.8 um 
of L-proline, as determined with EF. coli, mutant 55-1. (e) The product did 
not support the growth of EZ. coli, mutants 55-1 (which responds to L-pro- 
line), 55-25 (which responds to L-proline or A!-pyrroline-5-carboxylic acid), 
or 160-37 (which responds to L-ornithine, L-arginine, or L-citrulline). (f) 
The product was not reduced by lactic dehydrogenase, nor was it decar- 
boxylated by ornithine decarboxylase. (g) The product gave a yellow 
color on addition of o-aminobenzaldehyde at pH 7.5. The compound 
formed (presumably the dihydroquinazolinium derivative formed by 
condensation of o-aminobenzaldehyde and A!-pyrroline-2-carboxylic acid) 
was distinguished from that obtained from A!-pyrroline-5-carboxylic acid® 
by paper chromatography.°® 

a-Keto-e-N-carbobenzoxycaproic Acid—This keto acid was obtained by en- 
zymatic oxidation of 5 gm. of e-N-carbobenzoxy-L-lysine (19), as described 
above for the corresponding ornithine derivative. The compound crys- 
tallized on standing overnight at —10° and was recrystallized from ethyl 
acetate-petroleum ether; m.p. 109°. The yield was 3.8 gm. (76 per cent). 
Caleulated for C\yyHivO;N, C 60.2, H 6.1, N 5.0; found, C 60.0, H 6.4, N 
5.0 per cent. The 2,4-dinitrophenylhydrazone of this keto acid (recrys- 
tallized from ethyl acetate) melted at 160°. Calculated for CopHO3Ns, 
C 52.3, H 4.6, N 15.2; found, C 52.5, H 5.0, N 15.2 per cent. 

a-Kelo-e-aminocaproic Acid (A'-Piperidine-2-carboxylic Acid)—Catalytic 
hydrogenation of a-keto-e-N-carbobenzoxycaproic acid was carried out 
with palladium black (80 per cent methanol, 2 equivalents of hydrochloric 
acid). After hydrogenation, the solution was evaporated to dryness in 
vacuo. The residue was crystallized twice from ethanol-benzene, yielding 
pL-pipecolic acid hydrochloride in 80 per cent yield; m.p. 264°. Calcu- 
lated for CsH1O2N -HCl, C 43.5, H 7.3, N 8.5, Cl 21.4; found, C 43.3, H 
7.3, N 8.5, Cl 21.5 per cent. The chromatographic behavior and the 
infra-red absorption curves (Nujol mull) of this compound and a sample 
of pL-pipecolic acid hydrochloride prepared by catalytic hydrogenation of 


8 Prepared (20) from y,y-dicarbethoxy-y-acetamidobutyraldehyde generously pro- 
vided by Dr. H. J. Vogel. 

9The Rp values for the o-aminobenzaldehyde compounds formed from A!-pyrro- 
line-5-carboxylic acid, A'-pyrroline-2-carboxylic acid, and A'-piperidine-2-carboxy- 
lic acid, with the pyridine solvent (12), were 0.55 to 0.60, 0.64 to 0.69, and 0.70 to 0.75, 
respectively. The corresponding values obtained with chromatograms developed 
with 77 per cent ethanol were 0.55 to 0.61, 0.62 to 0.68, and 0.71 to 0.76. When 0.1 m 
potassium phosphate buffer (pH 7.5) was used as the solvent, the Ry values were 
0.75 to 0.80, 0.83 to 0.87, and 0.79 to 0.83. In ¢tert-amyl alcohol saturated with phtha- 
late buffer (21), the Rr value for the A!-piperidine-2-carboxylic acid compound was 
0.42 to 0.45, and that for the A!-pyrroline-2-carboxylic acid product was 0.28 to 0.32. 
The spot corresponding to the A!-pyrroline-5-carboxylic acid derivative gradually 
faded and ultimately disappeared during chromatography with this solvent. 
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picolinic acid hydrochloride (22) were identical. A mixed melting point 
showed no depression. 

Removal of the carbobenzoxy group was also carried out as follows: 250 
mg. of a-keto-e-N-carbobenzoxycaproic acid were mixed with 1 cc. of glacial 
acetic acid saturated with hydrogen bromide, and allowed to stand at 22- 
26° for 1 hour, at which time evolution of carbon dioxide was complete 
and a white crystalline precipitate formed. On addition of 50 cc. of dry 
ether, further precipitation occurred. The product was recrystallized from 
ethanol by addition of ether; yield 160 mg. (79 per cent). Analyses of the 
product agreed with the composition of the hydrobromide of a-keto-. 
aminocaproic acid or that of the monohydrate of the corresponding cyclic 
derivative, A'-piperidine-2-carboxylic acid. Calculated for CeHi1O3N - HBr, 
C 31.9, H 5.3, N 6.2, Br 35.4; found, C 32.0, H 4.7, N 6.3, Br 35.5 per 
cent; m.p. 192°. The product was not deliquescent, and preparations of 
this compound were stable when stored at room temperature for several 
months. However, when the compound was heated in vacuo at 78° or 100° 
for 6 hours, decomposition was noted. The product exhibited the follow- 
ing properties: (a) The addition of a 2-fold excess of 1 per cent 2 ,4-dinitro- 
phenylhydrazine in 2 n hydrochloric acid to 0.5 cc. of an aqueous solution 
containing 150 mg. of the acid resulted in the precipitation of a hydrazone 
after standing at 22-28° for 3 days. The hydrazone, which weighed 35 
mg., was recrystallized from hot water; m.p. 212°. N, calculated for 
Cy2His06N5, 21.5; found 21.2 per cent. (6) On treatment of the product 
with ceric sulfate or hydrogen peroxide, an equimolar quantity of carbon 
dioxide was evolved,® and 6-aminovaleric acid was identified by paper 
chromatography after decarboxylation with hydrogen peroxide at pH 2, 5, 
and 7.5. No a-aminoadipic acid was formed under these conditions. (c) 
Non-enzymatic transamination yielding lysine was carried out as follows: 
Solutions containing 1200 um of pyridoxamine, 20 um of the acid, and 1.6 
um of aluminum chloride in 1.6 cc. of 0.1 mM sodium acetate buffer at pH 
5.5 were heated at 100°. After 60 minutes of heating, 3.19 um of L-lysine 
were formed as determined with lysine decarboxylase. (d) The product 
was hydrogenated in aqueous solution with platinum oxide catalyst (40 
pounds pressure, 22-26°, 18 hours). Paper chromatograms revealed the 
formation of pipecolic acid as the major product, and relatively small 
amounts of a-hydroxy-e-aminocaproic acid. (e) The product did not sup- 
port the growth of Z. coli, mutant 26-26, which responds to L-lysine, nor 
was it attacked by lactic dehydrogenase or lysine decarboxylase. (f) The 
compound gave a yellow color on addition of o-aminobenzaldehyde.°® 


DISCUSSION 


The compound obtained by treatment of a-keto-d-N-carbobenzoxyva- 
leric acid with hydrogen bromide gave elementary analyses consistent 
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with A!-pyrroline-2-carboxylic acid, and yielded proline on hydrogenation. 
However, the product possessed properties characteristic of a-keto acids, 
including hydrazone formation, decarboxylation by hydrogen peroxide, and 
conversion to ornithine by transamination. The corresponding lysine de- 
rivative exhibited similar chemical behavior, although the elementary 
analysis of this compound agreed with that calculated for a-keto-e-amino- 
caproic acid, as well as the monohydrate of A'-piperidine-2-carboxylic acid. 
Treatment of both compounds with hydrogen peroxide at pH 7.5 yielded 
the corresponding w-amino acids, and at the same pH value both compounds 





CH.NH: CH: CH:NH, CH;,—CH; 

| gy | | 
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reacted with o-aminobenzaldehyde. The findings suggest that these com- 
pounds may react both as free a-keto acids and as cyclic compounds.'° 
The properties of the a-keto analogues of lysine and ornithine appear 
analogous to those observed with glutamic-y-semialdehyde and other y- 
aminoaldehydes, which have been shown to undergo spontaneous cycliza- 
tion which is reversible under certain conditions (20, 23, 24)."! 
a-Keto-s-aminovaleric acid has been identified by isolation as the 2,4- 
dinitrophenylhydrazone as a product of p-proline and p-ornithine oxida- 
tion by sheep kidney p-amino acid oxidase (1), and as a product of the 
oxidation of L-proline by rat kidney L-amino acid oxidase (2)." In certain 
systems L-proline is oxidized to glutamic-y-semialdehyde (8, 26), which is 
known to cyclize to A'-pyrroline-5-carboxylic acid (20). The latter com- 
pound may be distinguished from A!-pyrroline-2-carboxylic acid by assay 
with Z. coli, mutant 55-25, which responds only to A!-pyrroline-5-carboxy- 


10 It is possible that other tautomeric forms exist such as the enolic form of the 
normal chain compounds and the A? cyclic forms, etc. 

1 Oxidation of t-kynurenine by rattlesnake venom in the presence of catalase 
yielded kynurenic acid. In this instance cyclization is apparently not reversible, 
owing to the formation of a stable aromatic ring. Oxidation in the absence of cata- 
lase resulted in the liberation of 1 mole of carbon dioxide, a finding compatible with 
the intermediate formation of o-aminobenzoylpyruvic acid. 

2 L-Ornithine and L-lysine are susceptible substrates for rattlesnake L-amino acid 
oxidase (25). We have found that oxidation of L-ornithine in the absence of catalase 
was associated with the consumption of 1 mole of oxygen, formation of 1 mole each 
of carbon dioxide and ammonia, and formation of y-aminobutyric acid. The oxida- 
tion of t-lysine proceeded in a similar manner, and (in the absence of catalase) 
s-aminovaleric acid was formed. After oxidation of these diamino acids in the 
presence of catalase, the corresponding a-keto acids were identified as the 2,4- 
dinitrophenylhydrazones. 
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lic acid. The evidence also indicates that these compounds give different 
derivatives when condensed with o-aminobenzaldehyde. 

Recent reports describe the presence of levorotatory pipecolic acid jp 
certain plant tissues (27, 28). A possible mechanism of formation of this 
amino acid from lysine may be considered in which oxidation or transam.- 
ination of lysine is followed by cyclization of the resulting a-keto-e-amino. 
caproic acid to A!-piperidine-2-carboxylic acid, and optically specific redue. 
tion of the latter compound to the natural form of pipecolic acid. It is of 
interest in this connection that Neurospora crassa L-amino acid oxidase 
oxidizes L-lysine to a product which yields pi-pipecolic acid after catalytic 
hydrogenation (29). 


SUMMARY 


1. The preparation of the a-keto analogues of arginine (a-keto-6-guani- 
dinovaleric acid) and nitroarginine (a-keto-é-nitroguanidinovaleric acid), 
the corresponding 2,4-dinitrophenylhydrazones, and the flavianate of a- 
keto-6-guanidinovaleric acid is described. The keto acids were slowly 
reduced by lactic dehydrogenase, were not attacked by arginase, and under. 
went non-enzymatic transamination with pyridoxamine at 100° to yield 
arginine and nitroarginine, respectively. 

2. a-Keto-6-N-carbobenzoxyvaleric and a-keto-e-N-carbobenzoxycaproic 
acids were prepared by enzymatic oxidation of the appropriate w-N-carbo- 
benzoxy-L-amino acids; the 2 ,4-dinitrophenylhydrazones of these keto acids 
are described. 

3. The a-keto analogues of lysine and ornithine were prepared from the 
corresponding w-N-carbobenzoxyketo acids by treatment with hydrobromic 
acid in acetic acid solution. The properties of the products obtained in- 
cluded ability to form 2,4-dinitrophenylhydrazones, quantitative decar- 
boxylation by ceric sulfate or hydrogen peroxide, and non-enzymatic 
transamination with pyridoxamine to yield the corresponding amino acids. 
After decarboxylation with hydrogen peroxide, 5-aminovaleric and y-a- 
minobutyric acids were formed, respectively, from the a-keto analogues 
of lysine and ornithine. 

4. Hydrogenation of the a-keto analogues of lysine and ornithine, or 
their w-N-carbobenzoxy derivatives, resulted in the formation of pipecolic 
acid and proline, respectively, a finding compatible with the expected 
tendency to cyclization. 
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Recent research has resulted in considerable modification of the earlier 
concept that enzymatic transamination was limited to reactions between 
alanine, aspartate, glutamate, and their a-keto analogues. Reactions lead- 
ing to the reversible amination of the a-keto analogues of many of the 
natural amino acids have been described (1-5), and there is also evidence 
that aldehyde groups may participate in transamination (6-9). It has 
been reported that incubation of a-ketoglutarate and arginine with crude 
liver and kidney preparations resulted in glutamate formation (2). The 
presence of arginase in these preparations was apparently not investigated, 
and the participation of arginine itself in transamination remains to be 
demonstrated. Transamination between pyruvate and ornithine in liver 
preparations yielding alanine has also been described (10). Although no 
evidence concerning the fate of the ornithine carbon chain in the liver sys- 
tem was obtained, a transamination reaction between ornithine and a-keto- 
glutarate catalyzed by extracts of Neurospora crassa has been found to 
yield glutamate and glutamic-y-semialdehyde (7). 

The present report describes an investigation of transamination reactions 
catalyzed by liver preparations between glutamine and the a-keto ana- 
logues of arginine (a-keto-d-guanidinovaleric acid) and nitroarginine (a- 
keto-6-nitroguanidinovaleric acid). In the course of this study, transam- 
ination between ornithine and a-ketoglutarate yielding glutamate and 
glutamic-y-semialdehyde was observed. Ornithine was subsequently 
found to transaminate with glyoxylate, a-ketobutyrate, and a number of 
other a-keto acids to yield glutamic-y-semialdehyde and the corresponding 
amino acids. This paper also reports studies on the growth response of 
rats to a-keto-6-guanidinovaleric acid. 


EXPERIMENTAL 


The rat liver glutamine transaminase-deamidase preparation previously 
described was employed (6). L-Glutamine, L-glutamic acid (11, 12), L- 
arginine (13),! L-ornithine (14),! and L-lysine (15)! were determined with 


‘Cultures of the organisms possessing specific decarboxylase activity were ob- 
tained through the courtesy of Dr. E. F. Gale. 
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the respective specific bacterial decarboxylases. Urea was determined 
with crystalline urease (16). Ascending paper chromatographic studies 
were carried out as previously described with six solvent mixtures (6, 17), 
Urea was visualized by spraying the chromatograms with phenol and hypo- 
chlorite (18). Microbiological studies were performed as described by 
Davis and Mingioli (19).2_ The preparation of the a-keto acids used in 
this investigation has been reported (17, 20, 21). 


Results 


Transamination between Glutamine and a-Keto-5-guanidinovaleric Acid— 
Experiments with Escherichia coli and with rat liver preparations revealed 
that transamination between a-keto-é-guanidinovaleric acid and glutamate 
(and a number of other amino acids) was exceedingly slight or did not 
occur. On the other hand, appreciable transamination was observed be- 
tween this keto acid and glutamine with liver preparations. Transamina- 
tion between glutamine and a-keto acids yielding a-ketoglutarate, am- 
monia, and the corresponding a-amino acids has been previously described 
(1,6). It was found that incubation of a-keto-é-guanidinovaleric acid and 
glutamine with this liver system at pH 8.2 resulted in ammonia formation 
and glutamine disappearance, but there was no evidence of arginine forma- 
tion as determined with arginine decarboxylase or by paper chromatog- 
raphy. Since the enzyme preparation possessed arginase activity, the for- 
mation of urea and ornithine was investigated, and it was found that urea 
and ammonia were formed stoichiometrically.2 However, only traces of 
ornithine were formed as determined with ornithine decarboxylase and 
by paper chromatography. Analyses with Clostridium welchii decarbox- 
ylase and paper chromatographic studies indicated that glutamate was 
formed, suggesting transamination between ornithine and a-ketoglutarate. 
- This reaction was specifically studied and was found to be catalyzed by 
the enzyme preparation as described below. 

Although ornithine was not detected as a major product of the glu- 
tamine-a-keto-6-guanidinovaleric acid reaction when studied at pH 8.2, 
some ornithine was formed when the reaction was carried out at lower pH 
values. Investigation of the pH dependence of the glutamine-a-keto-6- 
guanidinovaleric acid and the ornithine-a-ketoglutarate reactions led to 
the findings described in Fig. 1. The optimal pH range for the ornithine- 
a-ketoglutarate reaction was 8.2 to 9.0. The reaction proceeded slowly at 
pH 7.0, and no activity was observed at pH 6.0. Since the glutamine-a- 
keto-d-guanidinovaleric acid system was active at pH 6.0, the formation of 
ornithine could readily be demonstrated under these conditions (Table I). 


* Cultures of the EZ. coli mutants used in this study were generously donated by 
Dr. B. D. Davis. 


3 Purified arginase did not act upon a-keto-é-guanidinovaleric acid (17). 
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Substitution of a nitro group in the guanidino group of a-keto-5-guani- 
dinovaleric acid resulted in a somewhat less susceptible substrate for trans- 
amination. However, when a-keto-6-nitroguanidinovaleric acid was incu- 
bated with glutamine and enzyme, formation of the corresponding amino 
acid, nitroarginine, was possible, since nitroarginine is not attacked by 
arginase (Table IT). 





MICROMOLES 





o 
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Fic. 1. pH dependence of the glutamine-«-keto-5-guanidinovaleric acid (Curve 
1) and ornithine-«-ketoglutarate (Curve 2) reactions. The reaction mixtures con- 
sisted of 50 um of keto acid, 25 um of amino acid, and 25 mg. of enzyme in 0.4 ce. of 
buffer (0.1 m potassium phosphate, pH 6 to 7.5; 0.05 m Veronal, pH 8 to 9.5); incu- 
bated at 37° for 1 hour. @, ammonia; O, glutamate. 


TABLE I 


Transaminase Balance Study* 











Substrates | pH NH; a oo Urea vse 

uM uM BM BM uM 

Glutamine (10 um) + a-keto-5-guanidino- | 8.2 | 8.04 | 0.50 | 8.05 | 8.14) 9.0 

valerate (20 um) 6.0 8.21 | 7.62 | 0.60 | 7.94} 0.1 

Glutamate (10 um) + a-keto-é-guanidino- | 8.2 | 0 0 | 9.40 | 0.63 | 0.9 
valerate (20 um) | 

a-Ketoglutarate (10 um) + ornithine (10 | 8.2 | 0 1.21 | 8.51 | 0 9.1 

uM) 6.0 | 0 9.81 0.52 | 0.20} 0.1 

















* The reaction mixtures contained substrates as indicated and 50 mg. of enzyme 
preparation in 1.0 cc. of 0.05 m Veronal buffer (pH 8.2) or 0.1 m potassium phosphate 
buffer (pH 6.0); incubated for 2 hours at 37°. 


Transamination between Ornithine and a-Keto Acids—Attempts to dem- 
onstrate the formation of a-keto-d-aminovaleric acid as a product of trans- 
amination between ornithine and a-ketoglutarate and between glutamine 
and a-keto-6-guanidinovaleric acid were not successful. On the other 
hand, the formation of glutamic-y-semialdehyde (or its cyclized form, 
A'-pyrroline-5-carboxylic acid) as a product of these reactions (at pH 8.2) 
was suggested by the development of a yellow color on addition of 0-amino- 
benzaldehyde to the deproteinized reaction mixtures. Paper chromatog- 
raphy (17) of such mixtures indicated that the yellow compound (presum- 








590 ENZYMATIC TRANSAMINATION 


ably the dihydroquinazolinium derivative formed by condensation of 
o-aminobenzaldehyde with A'!-pyrroline-5-carboxylic acid (22-24)) exhib. 
ited the same mobility as the derivative prepared from an authentic sam. 
ple of A'-pyrroline-5-carboxylic acid.‘ 

Vogel and Davis (22) demonstrated that glutamic-y-semialdehyde was 
converted by spontaneous ring closure to A'-pyrroline-5-carboxylic acid, 
and that this compound was a precursor of proline in E£. coli. By use of 
the mutant strains of E. coli developed and studied by these workers, it 
was found that the deproteinized reaction mixtures of transaminase experi- 


TaBLe II 
Transamination between Glutamine or Glutamate and Several a-Keto Acids* 











Substrates NH; Transamination 
} uM uM 
Glutamine + a-keto-5-guanidinovalerate.................. | 5.78 5.50f 
Glutamate + -ibeRA aaah e Seri Th ee ee: | O 0.20f 
Glutamine + a-keto-é-nitroguanidinovalerate............. | 38.22 2.914§ 
Glutamate + stealitinenllihbbimtel Pr ra eee | O 0.514§ 
Glutamine + a-keto-é-N-carbobenzoxyvalerate............ 8.02 8.82f§ 
Glutamate + rr ee rr 0 0.90f§ 
Glutamine + a-keto-e-N-carbobenzoxycaproate...........| 8.87 9.214§ 
Glutamate + i eee eeeeees| 0 1.10f§ 








* The reaction mixtures contained 10 um of L-glutamine, or L-glutamate, 20 um 
of keto acid, and 40 mg. of enzyme preparation in 1.5 cc. of 0.05 m Veronal buffer at 
pH 8.2; incubated for 2 hours at 37°. 

¢ Based on urea formation. 

t Based on disappearance of glutamine or glutamate. 

§ The formation of the corresponding amino acid was observed chromatographi- 
cally. 


ments (at pH 8.2) between glutamine and a-keto-é-guanidinovaleric acid 
and between ornithine and a-ketoglutarate supported the growth of E. 
coli, mutant 55-25 (which responds to glutamic-y-semialdehyde or proline), 
but did not promote growth of mutant 55-1 (which responds only to pro- 
line). The formation of glutamic-y-semialdehyde was quantitatively de- 
termined by assay with mutant 55-25. 

The a-ketoglutarate-ornithine reaction proceeded to approximately 90 
per cent completion (Fig. 2). Attempts were made to demonstrate the 
reverse reaction by incubating equimolar quantities of glutamate and 
glutamic-y-semialdehyde at the same concentrations as those of a-keto- 
glutarate and ornithine in the experiment described in Table I. Under 


4 Prepared from y,y-dicarbethoxy-y-acetamidobutyraldehyde (22) generously pro- 
vided by Dr. H. J. Vogel. 
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these conditions, no ornithine was formed as determined with ornithine 
decarboxylase, and only traces of this amino acid were found by chroma- 
tography or by microbiological assay. Similar findings with the Neu- 
rospora system are recorded by Fincham (7). However, with higher con- 
centrations of glutamic-y-semialdehyde and glutamate, slight but definite 
formation of ornithine was observed. Thus, when 100 um each of these 
substrates were incubated with 20 mg. of enzyme preparation in 0.4 cc. of 
0.1 m Veronal buffer (pH 8.2) for 2 hours at 37°, 1.8 um of ornithine were 
formed (by assay with EZ. coli, mutant 160-37). Less than 0.9 um of 
ornithine was formed when glutamate was replaced by glutamine, alanine, 
or aspartate. The failure of appreciable transamination between glu 





MICROMOLES 











04080 120 160 
MINUTES 
Fig. 2. Time-course of the ornithine-a-ketoglutarate (Curve 1) and glutamine-e- 
keto-é-guanidinovaleric acid (Curve 2) reactions. The reaction mixtures contained 
10 um of amino acid, 10 um of a-ketoglutarate, 20 um of a-keto-5-guanidinovaleric acid, 
and 50 mg. of enzyme; pH 8.2 (0.05 m Veronal buffer) ; 37°; final volume, 1.0 cc. O 
and O, glutamic-y-semialdehyde; @, glutamate; @, ammonia. 


tamate and glutamic-y-semialdehyde may be due to conversion of glu- 
tamic-y-semialdehyde (or its cyclized form) to other products. 

In view of the wide specificity of certain transaminase systems, it was of 
interest to determine whether a-keto acids other than a-ketoglutarate or 
pyruvate were capable of transaminating with ornithine. In these experi- 
ments the reaction was followed by determinations of glutamic-y-semialde- 
hyde, and by observation of the formation of new amino acid. The results, 
given in Table III, indicate that ornithine transaminated with pyru- 
vate, a-ketoglutarate, a-ketobutyrate, glyoxylate, a-keto-y-methiolbuty- 
rate, phenyl pyruvate, p-hydroxyphenylpyruvate, a-ketoisocaproate, a-ke- 
toisovalerate, and d-a-keto-8-methylvalerate. Although formation of the 
corresponding amino acid was demonstrated in each case, only the first 
four of these keto acids transaminated at an appreciable rate. 

Effect of a-Keto-6-guanidinovaleric Acid on Growth of Weanling Rats— 
Thirty-nine Sprague-Dawley, male rats, 21 days old, weighing 26.4 to 46.8 
gm., were obtained from ten litters. The animals were given water and 
diet ad libitum, and were maintained in individual cages in a constant 
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TABLE III 


Transamination between Ornithine and a-Keto Acids* 


a-Keto acid 





Transaminationt 








Peraets.......: age Reid Gas ae chloe. Sechel o eee le Zs | 21.0 
Ce 6.1 
OT eee a Re rn ee ee 6.5 
ES re ae ee nam, ae | 12.9 
I npc Soi dks os a rraniea eo. 6. sie wien moeenains | 1 
Phenylpyruvice. . eR ee - | 2.9 
p-Hydroxyphenylpyruvice. . ae Pav: 1.8 
a-Ketoisovaleric..... 1.3 
d-a-Keto-8-methylvaleric 0.6 
a-Keto-y-methiolbutyric.... 3.4 
Indolepyruvic... ej 


* The reaction mixtures contained 25 um of L-ornithine, 25 um of a-keto acid, and 
25 mg. of enzyme preparation in 0.4 cc. of 0.05 M potassium phosphate buffer (pH 
7.5); incubated for 2 hours at 37°. 

t Micromoles of glutamic-y-semialdehyde formed; the formation of the corre- 
sponding amino acid was observed by paper chromatography. 


TABLE IV 


Growth Response of Rats to Arginine and a-Keto-5-guanidinovaleric Acid* 


Weight gain, gm. 








Litter No. — — = —— —_ - 
Group I Group II | Group III 
183 26.7 | 19.7 | 20.0 
| 34.9 
59 41.5 29.6 25.7 
| 22.4 
142 27.1 16.1 17.4 
17.3 
149 28.9 15.8 17.8 
30.1 
140 33.5 20.7 21.9 
57 39.3 20.3 20.9 
21.8 
24.8 
78 29.4 17.5 19.5 
29.8 23.6 
122 28.0 19.9 18.6 
169 30.4 17.6 17.7 
16.5 
128 26.9 15.2 18.8 
ee eee 31.3 20.0 19.6 





* The experimental details are given in the text. 
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temperature room at 29°. The diet described by Borman et al. (25) was 
used as described, except that folic acid and vitamin By, at concentrations 
of 2 mg. and 30 y per kilo of diet, respectively, were substituted for Wilson’s 
liver powder. The rats of each litter were divided into three groups. 
Group I received a complete diet containing arginine, Group II was sup- 
plied a ration in which a-keto-6-guanidinovaleric acid was substituted for 
arginine at an equimolar level, and Group III was given a diet lacking in 
arginine. The animals were weighed on alternate days and fresh diet was 
supplied daily. The results, given in Table IV, indicate that, for each 
litter, the a-keto analogue of arginine did not replace arginine in stimulat- 
ing growth. The acceleration of the growth rate of weanling rats by 
arginine noted by Borman et al. (25) was confirmed. The present results 
do not demonstrate a significant growth-promoting effect of a-keto-é- 
guanidinovaleric acid under conditions similar to those employed in studies 
which showed a growth response to the a-keto analogues of leucine, iso- 
leucine, valine, and phenylalanine (26).° 


DISCUSSION 


The evidence indicates that a-keto-5-guanidinovaleric acid is capable of 
transamination in the rat liver glutamine transaminase system at pH 
values between 6.0 and 9.5. Arginine formation was not observed owing 
to the presence of arginase; however, nitroarginine was formed when its 
keto analogue was incubated in this system. When the glutamine-a-keto- 
é-guanidinovaleric acid reaction was studied at pH 6.0, stoichiometric 
formation of ammonia, urea, and ornithine was demonstrated. At pH 
6.0, the a-ketoglutarate-ornithine reaction did not proceed to a significant 
extent. The experimental findings suggest the following sequence of en- 
zymatic events: 

(1) Glutamine + a-keto-é-guanidinovaleric acid > 


arginine + a-ketoglutarate + NH; 
(2) Arginine — urea + ornithine 


(3) Ornithine + a-ketoglutarate — glutamate + glutamic-y-semialdehyde 





Sum, glutamine + a-keto-é-guanidinovaleric acid — 
urea + NH; + glutamate + glutamic-y-semialdehyde 





The failure of a-keto-6-guanidinovaleric acid to promote the growth of 
rats suggests that amination of the keto acid does not occur at a rate com- 
patible with optimal growth, or that the keto acid undergoes other reac- 
tions in vivo. 
The ornithine-a-keto acid reaction is unique in that the 6-amino group 
rather than the a-amino group transaminates. The conversion of lysine 
‘a-Keto-5-guanidinovaleric acid did not support the growth of E. coli mutants 


(Davis) 45A-25, 39A-27, 160-37, and 39A-23. All of these responded to L-arginine un- 
der the same conditions. 
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to a-aminoadipic acid may also involve an w-amino group transamination 
reaction, leading to the corresponding w-aldehyde (cf. Borsook et al. (27)), 
When the w-amino group is substituted as in 6-chloroacetyl-L-ornithine or 
a-keto-5-N-carbobenzoxyvalerate, transamination involving the a-amino 
group could be demonstrated (28). w-N-substituted lysine has also been 
found to transaminate with a-ketoglutarate (28), and, in the present and 
previous (6) studies, w-N-substituted a-keto analogues of lysine were also 
active. The a-keto analogues of lysine and ornithine, in contrast to their 
w-N-carbobenzoxy derivatives (Table II), were not active in the glutamine 
transaminase system. However, the possibility exists that these com- 
pounds may transaminate in other systems as previously discussed (17), 
It is also possible that they undergo w-amino group transamination, or 
decarboxylation to the corresponding w-amino acids. Further investiga- 
tion of the metabolism of these keto acids is in progress. 

The fate of glutamic-y-semialdehyde in animal tissues has not been spe- 
cifically examined, although conversion to glutamate and proline as pre- 
viously considered (29) appears probable. In E£. coli, conversion of glu- 
tamic-y-semialdehyde to proline apparently occurs (22) and more recently 
it has been found that a-N-acetylglutamic-y-semialdehyde is a precursor of 
ornithine in this organism. a-N-Acetylglutamic-y-semialdehyde is con- 
verted by transamination to a-acetylornithine, followed by hydrolysis of 
the latter compound to ornithine (9). 

The ornithine-a-keto acid reaction differs from the glutamine-a-keto acid 
reaction in that a-keto-8-methylvalerate and a-ketoisovalerate transami- 
nated with ornithine but not with glutamine. In addition, with the en- 
zyme system employed, transamination involving ornithine was consider- 
ably less rapid than that with glutamine for most of the a-keto acids. 
Although it appears probable that different enzymes catalyze the two reac- 
tions, conclusive evidence of their separate identity will depend upon 
separation of the activities concerned. 

Several transamination reactions involving aldehydes have been re- 
ported. These include reactions between glyoxylate and glutamine, glu- 
tamate, asparagine, and aspartate (6), transamination between succinic 
semialdehyde and glutamate (8), and the reactions noted above involving 
glutamic-y-semialdehyde and its a-N-acetyl derivative. The transamina- 
tion reaction between glyoxylate and ornithine (Table III) is unique in 
that an aldehyde is both a reactant and a product. 


(CH.),NH: (CH.),CHO 
CHO | CH.NH; | 
| + CHNH, — | + CHNH, 
COOH | COOH | 
COOH COOH 
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SUMMARY 


1. Incubation of a-keto-d-guanidinovaleric acid, glutamine, and a rat 
liver fraction at pH 8.2 resulted in formation of equimolar quantities of 
urea, ammonia, glutamate, and glutamic-y-semialdehyde. At pH 6.0 the 
products included urea, ornithine, and ammonia; only traces of glutamate 
and glutamic-y-semialdehyde were formed. The evidence is compatible 
with a mechanism involving transamination of a-keto-6-guanidinovaleric 
acid and glutamine, yielding arginine, ammonia, and a-ketoglutarate. 
This is followed by hydrolysis of arginine to ornithine and urea, and a 
transamination reaction between a-ketoglutarate and ornithine, yielding 
glutamate and glutamic-y-semialdehyde. The latter reaction does not 
occur to a significant extent at pH 6.0. The formation of arginine could 
not be demonstrated in this system owing to the presence of arginase activ- 
ity; however, nitroarginine was formed from its a-keto analogue under 
these conditions. 

2. Transamination between ornithine and several a-keto acids yielding 
the corresponding amino acids and glutamic-y-semialdehyde was demon- 
strated. The reaction between a-ketoglutarate and ornithine proceeded 
to approximately 90 per cent completion, and this reaction was found to 
go considerably less rapidly in the direction of ornithine formation. 

3. The transamination reaction between glyoxylate and ornithine result- 
ing in glycine and glutamic-y-semialdehyde formation is unique in that an 
aldehyde is both a reactant and a product. 

4. The effect of a-keto-6-guanidinovaleric acid in promoting the growth 
of weanling rats was investigated. The keto acid did not replace arginine 
in accelerating growth, suggesting that amination does not occur at a rate 
compatible with optimal growth, or that the keto acid undergoes other 
reactions in vivo. 
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Samuels ef al. (1) have reported studies on the conversion of A5-36- 
hydroxy compounds to A‘-3-ketones by endocrine tissues but not by the 
liver or kidney. Schneider and Mason (2) isolated A5-androstene-38 , 178- 
diol (43 to 69 per cent), A®°-androstene-38 , 16a,178-triol (2.4 to 8.9 per 
cent), and an unidentified A*-3-ketone (1 per cent) after the incubation of 
dehydroepiandrosterone with rabbit liver slices. Administration of de- 
hydroepiandrosterone to various patients (3, 4) has resulted in the conver- 
sion to and excretion of androsterone, etiocholane-3a-ol-17-one, A®-an- 
drostene-38 ,178-diol, and etiocholane-3a,178-diol. A preliminary report 
has been published indicating the conversion of A5-androstene-38 , 178-diol 
to dehydroepiandrosterone in the guinea pig (5). Meyer et al. (6) have 
reported the perfusion of dehydroepiandrosterone through a cow adrenal 
with the finding of A‘-androstene-118-ol-3 ,17-dione in the perfusate. 

This report is concerned with the metabolism in vivo and in vitro of 
dehydroepiandrosterone and the metabolism in vivo of A5-androstene-38 ,- 
178-diol in guinea pigs and in a human arthritic subject. 


Methods and Maiterials 


Daily urine samples were collected with toluene or chloroform as pre- 
servative and extracted immediately, or refrigerated if they were stored 
before extraction. Two methods, both involving heat and hydrochloric 
acid, were used for the hydrolysis and extraction of the urine. The pres- 
ence of the strong acid, however, causes some dehydroepiandrosterone to 
be converted to 38-chloro-A*-androstene-17-one. 

Method I—Urine was acidified by addition of 15 per cent concentrated 
hydrochloric acid and heated for 10 minutes at reflux temperature. The 
urine was cooled, sodium chloride added (10 gm. per 100 ml. of urine), and 
extracted three times with fresh portions of 0.3 volume of benzene. Evap- 
oration of the combined benzene extracts yielded the crude extract. 


* Supported in part by a research grant, No. G-3247, Division of Research Grants 
and Fellowships, National Institutes of Health, United States Public Health Service, 
and by contract No. AT(30-1)-918, United States Atomic Energy Commission. 

t Present address, Worcester Foundation for Experimental Biology. 
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Method IJ—Urine was extracted directly three times with 0.3 volume 
of butanol. The butanol extracts were combined and evaporated to dry- 
ness under a vacuum. The extract was hydrolyzed by adding water, 10 
per cent by volume of concentrated hydrochloric acid, and 0.3 volume of 
benzene and the mixture refluxed for 3 hours. The benzene layer was 
removed and this extraction procedure was repeated twice more with fresh 
benzene. The benzene layers were combined and evaporated under a 
vacuum to yield the total crude extract. 

The crude extract, derived from either Method I or II, was dissolved 
in ether and extracted three times with 0.1 volume of 10 per cent sodium 
hydroxide. The ether extract was washed with water until neutral to 
litmus, dried over sodium sulfate, and taken to dryness. The resulting 
total neutral extract was fractionated further by conventional methods 
with Girard’s Reagent T and digitonin. 

The four major steroidal fractions (ketonic 38-hydroxy, ketonic 3e- 
hydroxy, non-ketonic 36-hydroxy, and non-ketonic 3a-hydroxy fractions) 
from each urine sample were individually chromatographed on columns 
containing either a 1:1 mixture of magnesium silicate and Celite, aluminum 
oxide prepared according to Brockmann, or silica gel. When silica gel 
was used as the adsorbent, the solvent elution system was benzene, ben- 
zene with varying proportions of ethyl acetate, and methanol. The 
amount of adsorbent to dried sample was in the ratio of 30:1 for aluminum 
oxide and 60:1 for silica gel and magnesium silicate-Celite (1:1). The 
magnesium silicate-Celite and aluminum oxide were added to the column 
in a dry state. The silica gel was added to the column as a slurry with 
benzene. The volume of solvent used to elute each fraction varied from 
100 to 300 times the weight of the sample. 


Metabolism of Dehydroepiandrosterone 


Guinea Pig in Vivo—Dehydroepiandrosterone acetate (m.p. 164—168°) 
was administered in sesame oil by subcutaneous injection to three male 
guinea pigs in doses of 150 mg. per animal per day for 4 days. Urine was 
extracted by Method I. The ketonic 3a-hydroxy fraction yielded, after 
chromatography with aluminum oxide, 1 mg. of etiocholane-3a-ol-17-one 
(m.p. 137-138°), which, when mixed with an authentic sample (m.p. 140- 
142° and 150—152°), melted at 139-141° and 148-150°. The ketonic 
38-hydroxy fraction (11 mg.) yielded, after acetylation, 4 mg. of dehydro- 
epiandrosterone acetate (m.p. 152—161°), which melted at 159-165° when 
mixed with an authentic sample (m.p. 163-165°). 

Perfusion through Rat Liver—750 ml. of beef blood containing 15 mg. of 
dehydroepiandrosterone-C“ (2600 c.p.m. per mg., randomly labeled) were 
perfused through a rat liver. The liver weight was 13.9 gm. The blood 
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passed through the liver for one cycle at a rate of 20 ml. per minute. The 
gland and apparatus were flushed with saline wash fluid, and the blood plus 
wash fluid was frozen at —10°. The frozen blood-saline mixture was al- 
lowed to thaw, and 35 gm. of charcoal (Darco G-60) were added with 
stirring. The mixture was stirred for 3 hours and then allowed to stand 
until the charcoal had settled. The supernatant fluid was removed by 
decantation and the charcoal washed successively with saline, water, and 
acetone and then air-dried. The charcoal was extracted with methylene 
chloride in a Soxhlet extractor for 48 hours. After evaporation of the 
methylene chloride, 10 mg. of A°-androstene-38 ,178-diol (m.p. 175—178°) 
were added to the dried residue. The material was treated with digitonin 
solution to precipitate the 8 fraction containing the A‘-androstene-38 , 17{- 
diol and the unchanged dehydroepiandrosterone. 

An additional 10 mg. of A®°-androstene-38 ,178-diol were added to the 8 
fraction, and the material was chromatographed on a column containing 
3 gm. of silica gel. The A*-androstene-3 ,178-diol was eluted from the 
column by a mixture of benzene-ethyl acetate, 9:1. It was repeatedly 
recrystallized from methanol to give crystals with a melting point of 175- 
178°. A mixture with authentic A®*-androstene-38,178-diol (m.p. 175- 
178°) melted at 175-178°. The crystals were weighed on aluminum 
planchets and then counted for radioactivity. The specific activity follow- 
ing three recrystallizations from methanol remained constant at 454 ¢.p.m. 
per mg. 

10 mg. of A*-androstene-3 ,17-dione (m.p. 170-174°) were added to the 
a fraction, and the total material was chromatographed on a column con- 
taining 3 gm. of silica gel. The A‘-androstene-3 ,17-dione was eluted with 
benzene-ethyl acetate, 9:1. Recrystallization from methanol yielded 0.97 
mg. of crystals, m.p. 170-174°. The crystals were weighed on aluminum 
planchets and counted for radioactivity. The specific activity following 
three recrystallizations from methanol remained constant at 186 ¢.p.m. per 
mg. 

Perfusion through Cow Adrenal—2 liters of beef blood, containing a mix- 
ture of 40 mg. of dehydroepiandrosterone-C" (2600 ¢.p.m. per mg., ran- 
domly labeled) and 160 mg. of unlabeled dehydroepiandrosterone, were per- 
fused through two isolated cow adrenals weighing a total of 60 gm. The 
rate of flow was 1 ml. per second and the blood was perfused for 3 hours. 
Following the charcoal procedure described in the preceding section, 230 
mg. of an amber-colored oil were prepared from the perfused blood and 
chromatographed (Table I). Elution with benzene yielded crystals which 
melted at 110-115° and was subsequently shown to be cholesterol. Elu- 
tion with benzene-ethyl acetate, 9:1, yielded crystals which melted at 
120-130° and proved to be the starting material, dehydroepiandrosterone. 
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Elution with benzene-ethyl acetate, 4:1, yielded two crops of crystals 
which melted at 190—195° and 170-185°. Repeated recrystallization from 
methanol raised the melting point to 195-198°. The specific activity re- 
mained constant at 350 ¢.p.m. permg. Mixture with an authentic sample 
of A‘-androstene-118-ol-3 ,17-dione (m.p. 195-198°) did not depress the 
melting point. Evidence for the presence of small amounts of other me- 
tabolites was indicated by paper strip chromatography, but these com- 
pounds were not further identified. 

Incubation with Rabbit Liver Homogenate—200 mg. of dehydroepiandros- 
terone sodium succinate were incubated in 50 mg. lots with 10 ml. of rabbit 


TaBLeE I 

Chromatogram of Extract Following Perfusion of Dehydroepiandrosterone 
through Cow Adrenal 

13.8 gm. of silica gel, 50 ml. eluates; 230 mg. of oil. 





Fraction No. Eluent M.p. of crude material 
~. 

1- 3 Benzene 110-115 
4-14 | ee 

15-19 ” 

20-23 | Benzene-ethyl acetate, 9:1 

24-26 - ~ 9:1 120-130 

27-35 vs 9:1 

36-38 44 " 

39-41 - ” 4:1 190-195 

42-45 ™ 4:1 170-185 

46 " 4:1 

47-56 Ethyl acetate 

57 Methanol 





liver homogenate in phosphate buffer prepared in a Waring blendor. For- 
mate (10-* m) and magnesium chloride (10-* m) were added. The incuba- 
tion was carried out at 37° for 4 hours. The homogenates were combined, 
acidified to pH 1 with hydrochloric acid, and 400 ml. of acetone added to 
precipitate the proteins. The precipitate was filtered and the extraction 
repeated twice. The acetone was evaporated and the aqueous solution 
then made up to a 70 per cent ethanol solution. The ethanolic solution 
was extracted three times with 0.3 volume of petroleum ether to remove the 
lipides. The ethanol was evaporated and the aqueous solution was ex- 
tracted with ether three times. The ether was washed, dried over sodium 
sulfate, and evaporated to dryness. The extract was treated with Girard’s 
Reagent T and the non-ketonic and ketonic fractions were further sepa- 
rated with digitonin. The ketonic 38-hydroxy fraction yielded 70 mg. of 
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dehydroepiandrosterone, m.p. 148-150°, which did not depress the melting 
point of an authentic sample. No products were isolated from the ketonic 
a fraction. The non-ketonic 38-hydroxy fraction yielded a small amount 
of cholesterol, m.p. 143-145°. 

The non-ketonic 3a-hydroxy fraction was acetylated and chiomato- 
graphed on a column containing 5 gm. of aluminum oxide. Elution with 
petroleum ether-benzene, 4:1, yielded crystals melting at 155-158°. A 
mixture with dehydroepiandrosterone acetate (m.p. 165-167°) depressed 
the melting point. A mixture of the unknown with A‘-androstene-36 , 17{- 
diol diacetate (m.p. 159-160°) melted at 156-158°. 


Metabolism of A*-Androstene-38 ,17B-diol 


Guinea Pig in Vivo—A‘-Androstene-38 ,178-diol diacetate (m.p. 158- 
160.5°) was administered subcutaneously to three male guinea pigs in doses 
of 150 mg. per animal per day for 4 days. Urine was collected for 5 days 
during the pretreatment period and for 5 days after the injections were 
discontinued. The urines were extracted by Method I, and the total neu- 
tral extract of the urine collected during the treatment and posttreatment 
periods (114.5 mg.) was fractionated with Girard’s Reagent T and digi- 
tonin. 

Ketonic 8a-Hydroxy Fraction—This fraction (85.4 mg.) was dissolved in 
10 ml. of carbon tetrachloride and put on a column of 2.5 gm. of aluminum 
oxide. Elution with 0.1 per cent ethanol in carbon tetrachloride yielded 
12 mg. of crystalline material, which, when recrystallized from aqueous 
methanol, melted at 140—-141.5° and 148-150°. When mixed with an au- 
thentic sample of etiocholane-3a-ol-17-one (m.p. 141-142° and 149.5- 
151.5°), the melting point was 141—142° and 149.5-151°. 

Ketonic 38-Hydroxy Fraction—This fraction consisted of 12.5 mg. of crys- 
talline material. Crystallization from aqueous methanol yielded 7.2 mg. 
(m.p. 143-148°). Recrystallization yielded crystals which melted at 146- 
148.5°. When mixed with an authentic sample of dehydroepiandrosterone 
(m.p. 149-150°), the melting point was 147.5-150°. The acetate (m.p. 
159-160°) was mixed with an authentic sample of dehydroepiandrosterone 
acetate (m.p. 163-164.5°) and melted at 159-163°. 

The ketonic neutral fraction prepared from the preinjection urine con- 
tained no digitonin-precipitable material. This control fraction contained 
0.77 mg. per day of ketonic neutral material, as compared to 4.2 mg. per 
day during the 9 days representing the treatment and posttreatment peri- 
ods. 

Study on Human in Vivo—600 mg. of A*-androstene-38 ,178-diol were 
administered orally in capsules to a man with rheumatoid arthritis during 
an 8 day period. The total urine collected during this period was ex- 
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tracted by Method II. The total neutral extract weighed 2.17 gm. and 
contained 1.41 gm. of 17-ketosteroid. The urinary 17-ketosteroid excre. 
tion of this patient during control periods ranged between 13 and 22 mg, 
per 24 hours. 

The total neutral extract was treated with Girard’s Reagent T to yield 
0.74 gm. of non-ketonic and 1.01 gm. of ketonic material. The ketonic 
material was treated once more with Girard’s Reagent T to give a total 
weight of 0.75 gm. of non-ketonic and 1.00 gm. of ketonic material. 

The non-ketonic fraction was treated with digitonin to yield 25 mg. in 
the non-ketonic 38-hydroxy fraction and 650 mg. in the non-ketonic 3a- 
hydroxy fraction. The ketonic fraction was treated with digitonin to give 
220 mg. in the ketonic 38-hydroxy fraction and 630 mg. in the ketonic 3a- 
hydroxy fraction. The ketonic 3a-hydroxy fraction was retreated with 
digitonin, but no additional material was precipitated. 

The ketonic 38-hydioxy fraction yielded crystals which on recrystalliza- 
tion from methanol gave 125 mg. of crystals melting at 149-151°. A mix. 
ture with dehydroepiandrosterone (m.p. 150-152°) melted at 149-152°, 
The acetate was prepared and gave no depression of melting point with de- 
hydroepiandrosterone acetate. 

The ketonic 3a-hydroxy material was chromatographed on a column con- 
sisting of 16 gm. of aluminum oxide. Crystalline material which was elu- 
ted with carbon tetrachloride had a melting point of 153-156°. A mixture 
with 38-chloro-A*-androstene-17-one (m.p. 153-156°) melted at 153-156°. 

Further elution with carbon tetrachloride containing 0.1 and 0.2 per cent 
ethanol yielded oily and crystalline fractions. The fractions eluted with 
carbon tetrachloride and carbon tetrachloride-0.1 per cent ethanol were 
combined and rechromatographed. Elution with benzene yielded addi- 
tional 38-chloro-A®-androstene-17-one (m.p. 153-156°). Elution with ben- 
‘ zene containing 1 per cent ethanol yielded crystals which on recrystalliza- 
tion from methanol melted at 177-181°. A mixture with androsterone 
(m.p. 180-182°) melted at 179-182°. The acetate which was prepared 
did not depress the melting point of androsterone acetate. Combination 
of fractions previously eluted with 0.2 and 0.3 per cent ethanol in CC 
and rechromatography gave, on elution with benzene and benzene con- 
taining 1 per cent ethanol, crystals which melted at 140-142° and 14% 
150°. A mixture with etiocholane-3a-ol-17-one (m.p. 140—142° and 150- 
151°) melted at 140—142° and 149-150°. The acetate was prepared and a 
mixture with etiocholane-3a-ol-17-one acetate did not depress the melting 
point. 

The non-ketonic 3a-hydroxy fraction was chromatographed on a column 
containing 18 gm. of magnesium silicate-Celite mixture (1:1). Elution 
with benzene containing 1 per cent ethanol yielded crystals which on recrys- 
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tallization from methanol had a melting point of 232-234° (50 mg.). A 
mixture of this compound with etiocholane-3a,178-diol (m.p. 233-235°) 
melted at 232-235°. A mixture of the acetylated product (m.p. 124-126°) 
with etiocholane-3a,178-diol diacetate (m.p. 125-127°) melted at 124- 
127°. No major product was identified from the non-ketonic 38-hydroxy 
fraction other than a small amount of cholesterol. The urinary metabolites 
isolated after the administration of A5-androstene-3@ ,178-diol are listed in 
Table IT. 


TaBe II 
Urinary Metabolites in Human Following Administration of 4.8 Gm. of 
A5-Androstene-86 , 17B-diol 


Product isolated M.p. Yield 


°C. mg. | per cent 
Dehydroepiandrosterone................. 149-151 125 | 2.6 
38-Chloro-A5-androstene-17-one. . AP 153-156 40 | 0.8 
I i i: trian citosrsaide es > ni’ ..| 177-181 | 50 | 1.0 
Etiocholane-3e-ol-17-one................-. | 140-142, 149-150 | «(96 | 2.0 
Etiocholane-3a,178-diol................... | 232-234 | 50 | 1.0 
DISCUSSION 


The present status of the metabolism of dehydroepiandrosterone and 
A’-androstene-36 ,178-diol is summarized in Fig. 1. The carboxyl carbon 
of acetate-1-C™ has been shown to be incorporated into dehydroepiandros- 
terone (I) and A®*-androstene-38 ,178-diol (II) (7). The reduction of de- 
hydroepiandrosterone to A®-androstene-38 , 178-diol and the conversion to 
A®’-androstene-38 ,16a,178-triol (III) have been demonstrated previously 
with rabbit liver slices (2). Previous studies in humans have shown the 
reduction of dehydroepiandrosterone to A®*-androstene-38 ,178-diol (4, 5). 
In this communication the reduction at carbon 17 has been demonstrated 
by the perfusion of randomly labeled dehydroepiandrosterone-C™ through 
a rat liver and also by the incubation of the steroid with a rabbit liver ho- 
mogenate. In comparison to the rabbit liver slice preparation of Schnei- 
der and Mason (2), no A*-androstene-38 , 16a ,178-triol was isolated. 

The oxidation of the 178-hydroxyl group has been the subject of a previ- 
ous publication from this laboratory in which the corresponding 17-ketone 
formed was demonstrated in vivo after the administration of testosterone 
(8), androstane-3a ,178-diol (9), androstane-36 ,178-diol, and etiocholane- 
178-ol-3-one (10). Similarly A*-androstene-38 ,178-diol can be converted 
to dehydroepiandrosterone in vivo as reported here both in the guinea pig 
and in man. 
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This report confirms the finding of Meyer et al. (6) in the isolation of 
radioactive 118-hydroxy-A‘-androstene-3 ,17-dione (V) following the per- 
fusion of randomly labeled dehydroepiandrosterone-C" through the beef 
adrenal gland. The first step in this reaction appears to be the oxidation 
of the A*-38-hydroxy group to the A‘-3-ketone, with the formation of At 
androstene-3 ,17-dione (IV). This reaction was demonstrated in this study 
by the addition of A‘-androstene-3 ,17-dione as carrier to the products of 
the perfusion of randomly labeled dehydroepiandrosterone-C through the 
rat liver. Following extensive purification by chromatography and recrys- 
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Fic. 1. The metabolism of dehydroepiandrosterone 


tallization, the isolated A‘-androstene-3 , 17-dione contained appreciable ra- 
dioactivity which maintained a constant specific activity. 

The isolation of androsterone (VIII), etiocholane-3a-ol-17-one (IX), and 
etiocholane-3a ,178-diol (X) following the administration of A®-androstene- 
38 ,17B-diol to a male arthritic patient is in keeping with the finding of these 
same metabolites following the administration of dehydroepiandrosterone 
in the human (3, 4). The two intermediates suggested, androstane-3 ,17- 
dione (VI) and etiocholane-3 ,17-dione (VII), were not isolated in these 
studies. 


SUMMARY 


Metabolism studies in vivo in the guinea pig indicate the conversion of 
dehydroepiandrosterone to etiocholane-3a-ol-17-one and the conversion of 
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A’-androstene-38 ,178-diol to dehydroepiandrosterone and etiocholane-3e- 
ol-17-one. 

In a rheumatoid arthritic man the oral administration of A*-androstene- 
38, 178-diol resulted in the isolation in the urine of dehydroepiandrosterone, 
androsterone, etiocholane-3a-ol-17-one, and etiocholane-3a , 178-diol. 

The conversion of dehydroepiandrosterone to A‘-androstene-3 , 17-dione 
by liver tissue has been demonstrated for the first time. 

These studies have confirmed the conversion of dehydroepiandrosterone 
to 118-hydroxy-A‘-androstene-3 ,17-dione by the perfusion of a beef ad- 
renal gland and the reduction of dehydroepiandrosterone to A*-androstene- 
38,178-diol by perfusion of an intact, isolated rat liver and by incubation 
with rabbit liver homogenate. 
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HYDROCORTISONE IN NORMAL GUINEA PIG URINE: 
ISOLATION AND QUANTITATIVE 
DETERMINATION* 


By SHLOMO BURSTEIN anv RALPH I. DORFMAN 


(From the Worcester Foundation for Experimental Biology, 
Shrewsbury, Massachusetts) 


(Received for publication, September 4, 1953) 


Although the rodent has been used extensively in biochemical and physi- 
ological research, very little is known about the nature of its adrenocortical 
secretion. Species differences in the type of the steroids in the adrenal 
effluents of the rat, guinea pig, ferret, rabbit, dog, and cat have been indi- 
cated by Bush (1) using paper chromatography. Nadel and Schneider (2) 
have indicated, by ultraviolet spectrometry and bioassay of a purified 
extract, the presence of hydrocortisone in the urine of normal guinea pigs. 
Burstein (3) observed that normal guinea pig urine has a relatively high 
titer of phosphomolybdie acid-reducing and formaldehydogenic corticoids, 
which increases markedly upon the administration of adrenocorticotropic 
hormone. A relatively high value of corticoids (as measured by the Porter 
and Silber (4) reaction) has been reported by Done et al. (5) in peripheral 
blood of the guinea pig. 

It is the purpose of this study to report on the isolation of hydrocortisone 
innormal guinea pig urine and a method for its quantitative determination. 


Methods 


Metabolic cages were fashioned from bottles (5 gallon capacity) by 
removal of the bottoms and inserting galvanized wire screens to support 
the animals. Two additional layers of screening were utilized for prevent- 
ing feces from entering the urine receptacles. Normal adult male guinea 
pigs (700 to 800 gm.), obtained from Rockland Farms, New City, New 
York, were permitted access to a Rockland guinea pig diet (C fortified), 
Aready Farms Milling Company, Chicago, Illinois, during 7 hours in the 
morning and afternoon. Food was withheld for the subsequent 17 hours, 
during which period urine was collected in bottles containing 5 ml. of ethyl 
acetate. 

Individual urines were usually investigated except for isolation studies, 

*Supported in part by a research grant, No. G-3247, United States Public 
Health Service; the Medical Research and Development Board, Office of the Surgeon 


General, Department of the Army, contract No. DA-49-007-MD-184; and by con- 
tract No. AT(30-1)-918, United States Atomic Energy Commission. 


607 








608 HYDROCORTISONE IN NORMAL URINE 


when as many as 100 daily samples were combined. The urine was fil. 
tered after acidification with hydrochloric acid to dissolve mineral precipi- 
tates and provide clear urine filtrates. The filtrates were extracted with 
ethyl acetate either after an adjustment to pH 1, 5, or 7 or after enzymatic 
treatment with spleen or bacterial 8-glucuronidase. Desiccated and de. 
fatted spleen powder (VioBin Corporation, Monticello, Illinois) was used 
as a source of spleen §-glucuronidase and was partially purified and incu. 
bated with the urine as described by Cohen (6). Bacterial 8-glucuroni- 
dase (Sigma Chemical Company, St. Louis, Missouri) was incubated with 
urine in phosphate buffer at pH 7 and 37° for 24 hours. 300 to 1000 units 
of enzyme per ml. of urine were used for incubations. In the case of the 
spleen preparation the values are expressed in terms of Fishman units, 

The urines were extracted with four portions of ethyl] acetate with twice 
the volume of solvent each time. The combined ethyl acetate extracts 
were washed with 0.1 volume of saturated NaHCO;, 0.1 n NaOH, and 
distilled water and dried over Na»SO,, and the solvent was removed by 
distillation in vacuo. 

In several instances the residues were separated into ketonic and non- 
ketonic fractions by means of Girard’s Reagent T (7). The total neutral 
residues of the ketonic fractions were chromatographed on paper in the 
chloroform-formamide system for 17 hours (8, 9). In the isolation study 
the toluene-propylene glycol system (8) also was utilized for additional 
purification of the hydrocortisone. The steroid zones which reduced the 
blue tetrazolium reagent on paper were eluted with methanol. Blue tetra- 
zolium (Dajac Laboratories, Leominster, Massachusetts) in a 1 per cent 
aqueous methanol solution (15 per cent methanol; 2 volumes) and aqueous 
NaOH 10 per cent (1 volume) were used for detection of the a-ketolic 
steroids in the manner described by Burton et al. (8). A standard chro- 
matogram with hydrocortisone was always run simultaneously with the 
unknown samples. The eluates of the hydrocortisone zones were analyzed 
quantitatively by a Beckman DU ultraviolet spectrophotometer and by a 
slightly modified phosphomolybdic acid reaction (10). The reaction mix- 
ture, after heating, was poured into 10 X 75 mm. Coleman (6-310) cuvettes 
and read directly in a Coleman junior spectrophotometer at 650 my, in- 
stead of by the procedure previously described which involved dilution of 
the reaction mixture with the reagent before making the readings. 

Identification of the isolated hydrocortisone was achieved by melting 
point determinations (the Kofler micro hot stage apparatus was used, and 
the melting points are recorded uncorrected), mixed chromatograms, ultra- 
violet spectrophotometry in methanol, ultraviolet spectrophotometry in 
sulfuric acid according to Zaffaroni (11), and by infra-red spectrometry. 
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EXPERIMENTAL 


Ethyl acetate was used for extraction, since this solvent was found to 
remove hydrocortisone quantitatively without causing emulsion formation. 
In five recovery experiments 25 to 50 y quantities of hydrocortisone in 25 
ml. of water were recovered to the extent of 82 to 96 per cent. Chloro- 
form, methylene chloride, and ether-chloroform mixtures were unsuitable 
for extraction purposes owing to formation of an emulsion. Recovery 
studies were also made by the paper chromatography procedure. Hydro- 
cortisone (30 to 100 y) was applied to the starting line of filter paper strips 
1 cm. wide, developed in the chloroform-formamide system, and dried for 
94 hours at room temperature. A 2 mm. strip was cut along the total 
length of the filter paper and used for the detection of the steroid zones. 
The corresponding area of the untreated strip was eluted, and aliquots were 
taken for ultraviolet spectrophotometry and the phosphomolybdic acid 
reaction. A blank, consisting of a 1 cm. strip of paper without steroid, 
was run simultaneously in the same manner. The agreement of the ultra- 
violet analysis and the phosphomolybdic acid determination was within 15 
per cent, and the recovery of hydrocortisone, in forty-four experiments, 
was 88.5 + 8.1 per cent. The procedure was repeated with individual 
urine samples to which 25 to 50 y of hydrocortisone were added. The 
recovery was 84 to 118 per cent (seven experiments). 

Recovery experiments involving the total neutral extracts were satis- 
factory, but, when Girard’s Reagent T procedure was employed, over-all 
recoveries of hydrocortisone were only 52 to 78 per cent in four experiments, 
and therefore the Girard fractionation was abandoned. 

A comparison of 8-glucuronidase hydrolysis and extraction of urine 
previously adjusted to pH 1, 5, and 7 was made. It was found that ethyl 
acetate extraction of guinea pig urine subjected to either spleen or bacterial 
8-glucuronidase yielded no greater quantities of hydrocortisone (or any 
other more polar steroids) than that which was extracted after adjusting 
the urines to pH 1, 5, or 7. Human urine, from a patient who was being 
treated orally with cortisone, was incubated with bacterial 8-glucuronidase 
under the same conditions that were employed for the guinea pig urine. A 
4fold increase in corticoids was obtained by §-glucuronidase hydrolysis 
over that found by extraction at pH 7. When the extracts were analyzed 
by paper chromatography, distinct increases were found in those zones 
which corresponded to cortisone, hydrocortisone, pregnane-3a, 17a ,21- 
triol-11 ,20-dione, and pregnane-3a , 118, 17a ,21-tetrol-20-one. 

Since enzymatic hydrolysis of guinea pig urine did not yield additional 
amounts of hydrocortisone, the urines, adjusted to pH 1, were extracted 
with ethyl acetate. The urines were extracted immediately after acidifica- 
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tion, since evidence was obtained that when guinea pig urine, at pH 1, was 
left at room temperature for 24 hours approximately 10 per cent destruc. 
tion of hydrocortisone occurred. 


RESULTS AND DISCUSSION 


Determination of Hydrocortisone in Guinea Pig Urine—When guinea pig 
urine extracts, derived from a 17 hour sample, were applied to paper strips 
1 cm. wide and developed in the chloroform-formamide system, four zones 
were detected by the blue tetrazolium reagent, in most instances. One 
compound migrated more rapidly than hydrocortisone, while two com. 
pounds were much less mobile than hydrocortisone was. The zone cor. 
responding to the standard hydrocortisone zone was eluted and estimated 
by ultraviolet spectrophotometry and by the phosphomolybdic acid reae. 
tion. The analytical figures obtained by the two methods were in good 
agreement for those hydrocortisone zone eluates which gave clear absorp- 
tion maxima at 240 my (Table I). 

It was found that pregnane-3a, 17a ,21-triol-11,20-dione migrates at a 
rate similar to that of hydrocortisone in the chloroform-formamide system, 
and thus no satisfactory separation of these two steroids was obtained. 
Since pregnane-3a, 17a ,21-triol-11,20-dione does not absorb at 240 my, 
but does give a positive phosphomolybdic acid reaction of the same order 
of intensity as that of hydrocortisone, a higher phosphomolybdic acid 
reaction value would be expected, compared to the ultraviolet absorption 
value, if the pregnane derivative were present in the hydrocortisone zone. 
This was not the case, since the mean values of hydrocortisone concentra- 
tions were 56 and 61 y, respectively (Table I). The determinations by the 
two methods showed the high positive correlation coefficient of r = 0.947 
(¢ = 11.4; = 17). This fact permitted the conclusion that little or no 
pregnane-3a , 17a ,21-triol-11 ,20-dione was present in the hydrocortisone 
zone. 

Isolation of Hydrocortisone from Guinea Pig Urine—Urine (600 ml.) from 
one male guinea pig was collected for a period of 22 days, adjusted to pH 
1, and extracted as described in the experimental section. The total neu- 
tral extract (32 mg.) was applied to a paper strip 15 em. wide and run in 
the chloroform-formamide system for 17 hours. The zone corresponding 
to hydrocortisone was eluted and rechromatographed in the toluene-pro- 
pylene glycol system on a 10 cm. paper strip. In this system pregnane- 
3a ,17a,21-triol-11,20-dione can be separated from hydrocortisone, and 
only trace quantities of a component which migrated slower than hydro- 
cortisone could be detected. The material contained in the hydrocorti- 
sone zone (1 mg.) was recrystallized from acetone and yielded crystals 
melting at 199-201°. This material did not separate from hydrocortisone 
when run in the chloroform-formamide and in the toluene-propylene glycol 
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systems and had an absorption maximum at 240 my in methanol. The 
ultraviolet absorption curve in sulfuric acid run according to Zaffaroni (11) 
showed maxima at 240, 280, 390, and 470 my. The infra-red absorption 
spectrum of a film deposited from a methylene dichloride-methanol solution 
on a sodium chloride plate was identical with that of authentic hydro- 
cortisone. Some characteristic bands of the spectrum were located at 
3380 cm.~! (hydroxyl), 1712 em. (C-20 carbonyl), 1645 em. (C-3 car- 
bonyl), 1613 em.—' (A*-double bond), 1099, 1062, 1051, and 1011 em. 


TaBLe I 
Determination of Hydrocortisone in Urine of Normal Adult Male Guinea Pig 


Hydrocortisone per 17 hrs. 


Sample No. rst : 
Ultraviolet spectrophotometry | Phosphomolybdic acid 














at 240 mp reaction 
7 | 7 
1 107 86 
2 12 10 
3 62 50 
4 37 26 
5 100 91 
6 7 71 
7 52 50 
8 32 29 
9 22 22 
10 20 17 
11 160 135 
12 37 48 
13 15 21 
14 22 19 
15 130 93 
16 | 57 | 64 


17 98 124 
(some finger-print region bands). The corresponding bands of authentic 
hydrocortisone were located at 3402, 1704, 1645, 1617, 1099, 1062, 1051, 
and 1010 cm.—'. The same isolation procedure was applied to a pool of 
guinea pig urines representing 40 days, and 2.3 mg. of crystalline hydro- 
cortisone were isolated and identified. Thus, the results of the isolation 
studies indicated a daily excretion of at least 50 y of hydrocortisone. The 
average daily value found by the analytical procedure with ultraviolet 
spectrophotometry and the phosphomolybdic acid reaction was 86 and 79 
7, respectively. It is of interest that these hydrocortisone levels per day 
are of the same order of magnitude as those found in human urine (12). 
Although Nadel and Schneider (2) have indicated by ultraviolet spec- 
trometry and bioassay of a purified extract that hydrocortisone may be the 
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major reducing corticosteroid in guinea pig urine, the present study is the 
first instance of isolation in crystalline form and provides positive identifi- 
cation of hydrocortisone in guinea pig urine. 

No hydrocortisone could be detected in twenty daily urine samples from 
albino rats by use of the same procedure that was used in the studies with 
guinea pig urine. This fact is in agreement with the finding by Bush (1) 
that hydrocortisone could not be detected in effluents from the rat adrenal 
vein. 

The method described in this report makes possible studies on the ex- 
cretion of hydrocortisone in the urine of normal guinea pigs and animals 
subjected to various abnormal states, such as various types of stress and 
nutritional deficiencies. 


SUMMARY 


Hydrocortisone has been isolated and identified in the urine of adult male 
guinea pigs. This steroid appears to be the major urinary corticoid in 
this species. No increased amounts of extractable hydrocortisone could 
be demonstrated after incubation of the urines with spleen or bacterial 
6-glucuronidase over that extractable at pH 1, 5, or 7. 

No hydrocortisone could be detected in albino rat urine. 

A method utilizing a technique of paper chromatography has been pre- 
sented for the quantitative determination of hydrocortisone in guinea pig 
urime. Recovery of 25 to 50 y of hydrocortisone added to water and urine 
was 82 to 96 per cent and 84 to 118 per cent, respectively. 


We wish to express our thanks to Dr. Harris Rosenkrantz for the inter- 
pretation of the infra-red spectra and for helping in the preparation of the 
manuscript. 


The technical assistance of Miss Arline Tillotson is gratefully acknowl- 
edged. 
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BIOCHEMISTRY OF THE SPHINGOLIPIDES 


VIII. OCCURRENCE OF A LONG CHAIN BASE IN PLANT 
PHOSPHATIDES* 


By HERBERT E. CARTER, WALTER D. CELMER,t WILLIAM E. M. LANDS,} 
KATHERINE L. MUELLER, anv H. H. TOMIZAWA$§ 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, July 30, 1953) 


Following the report of Klenk and Sakai (2) that inositol is a constituent 
of soy bean phosphatides, Woolley (3) isolated from this source an inositol 
lipide which he designated lipositol. It was subsequently shown by other 
workers (4-6) that the inositol lipide fraction of soy bean is not homogene- 
ous, but can be separated into at least two components by distribution 
between hexane and methanol. Similar results have been obtained with 
inositol lipide fractions from corn (6-8) and linseed (6, 9) phosphatides. 

In our laboratories the following method (5, 6, 8) has been used for the 
preparation of a purified inositol lipide fraction from plant phosphatides. 
Lecithin, cephalin, and any residual oil are removed from the crude phos- 
phatide by treatment with acetic acid. The residue contains most of the 
lipide-bound inositol, together with varying quantities of non-lipide mate- 
rials. The latter are removed by distribution between benzene and aque- 
ous acetic acid, and the benzene solution is lyophilized, yielding crude 
inositol lipide. Sterol glycoside is extracted from this product with a 2:1 
ethanol-chloroform mixture; the residual inositol lipide forms an almost 
colorless powder. Corn phosphatide is superior to soy bean as a source 
of inositol lipide, since it has a lower content of sterol and non-lipide mate- 
rial and processes more smoothly. Most of the work described below was 
carried out with inositol lipide from corn. 

Purified inositol lipides from corn or soy bean can be separated into 
“methanol-soluble” and ‘“‘hexane-soluble” fractions by counter-current dis- 
tribution. Since various attempts to fractionate these materials further 


* This investigation was supported in part by a research grant (No. RG-2031) 
from the National Institutes of Health, United States Public Health Service. Part 
of the material contained in this paper was taken from theses submitted by W. D. 
Celmer and H. H. Tomizawa to the Graduate College of the University of Illinois in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy in 
Chemistry. A preliminary report on this work has been published (1). 

t Present address, Chas. Pfizer and Company, Inc., Brooklyn. 

t Fellow in Chemistry of the National Science Foundation, 1952-54. 

§ Present address, University of Washington School of Medicine, Seattle. 
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proved unpromising, a study of their degradation products was undertaken, 
Mild alkaline hydrolysis of hexane-soluble material from corn gave a regi- 
due which was insoluble in water and in the common organic solvents, 
Since this behavior is characteristic of sphingolipides, ‘‘sphingosine’’ deter. 
minations were made by the procedure of McKibbin and Taylor (10) on 
various inositol lipide fractions. The results showed that 20 to 25 per cent 
of the nitrogen of the purified inositol lipide of corn was present as sphingo- 
sine or a similar long chain base, and that this material was present in both 
the methanol- and hexane-soluble fractions. This finding was totally un- 
expected, since there had been no previous report of such a base in phos. 
phatides of higher plants, and, indeed, Woolley (3) had reported that eth- 
anolamine was the sole nitrogenous component of lipositol. 

Three long chain bases have been isolated from natural sources. Of 
these sphingosine and dihydrosphingosine, present in various animal tis- 
sues, are well known. Of less general interest is the substance cerebrin, 
which has been isolated from yeast, molds, and various mushrooms. (The 
literature on this subject has been reviewed recently by Celmer and Carter 
(11).) Cerebrin is an amide derived from a base to which Reindel and 
coworkers (12) assigned the following structure on the basis of analyses and 
lead tetraacetate degradation. In addition to cerebrin base a dehydration 
product, anhydro base, is obtained in the acid hydrolysis of cerebrin. The 
structure of the anhydro base has not been established. 


CH;(CH:):4,CH—CH—CH—CH.CH, 


OH NH: OH OH 
Cerebrin base 


In order to compare the inositol lipide base with sphingosine and cere- 
brin base, a quantity of purified inositol lipide from corn was hydrolyzed 
by the methanolic sulfuric acid procedure used in the preparation of sphin- 
gosine (13). From 100 gm. of inositol lipide 5 to 6 gm. of a crude waxy 
base were obtained. This material gave none of the characteristic deriva- 
tives of sphingosine and dihydrosphingosine, but behaved like a mixture 
of cerebrin base and the anhydro base. On recrystallization from hot ace- 
tone a nicely crystalline solid was obtained, agreeing in properties with 
Reindel’s acetone compound of cerebrin base. The N-benzoyl derivative 
of cerebrin base was obtained from the acetone compound and also from 
the crude base. This substance proved to be the most satisfactory deriva- 
tive prepared, since it crystallized readily and was easily purified to a 
sharply melting product. From the acetone-soluble residues the N-ben- 


1 Any sterol glucoside present appears in this fraction and in the case of crude 
soy bean phosphatides accounts for a major portion of the insoluble material. 
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zoyl derivative of the anhydro base was obtained. A comparison of the 
properties of these derivatives with those obtained from cerebrin is pre- 
sented in Table I. 

The close agreement in physical properties and analytical data leaves no 
doubt that the basic component of cerebrin is identical with that from corn 
phosphatide. Thus cerebrin base appears to occur in a wide variety of 
plants. It is interesting to note that there is no evidence for the presence 
of sphingosine in plant material or of cerebrin base in animal tissues, al- 
though this point needs more careful study. 

Although the structure assigned to cerebrin by Reindel was confirmed 
by Bohonos and Peterson (14), it seemed desirable to check their results. 
In the first place the analytical data which we have obtained on several 
samples of the various derivatives are not consistent with a C2 structure 
for cerebrin base, but do agree very well with those required by a saturated 


TaBLE I 
Comparison of Cerebrin Base and Corn Phosphatide Base 





| 2 
Derivative | Cerebrin base | a —e 
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108-109 | 105-107 





os specific rotation, degrees............. +16 +18 
MeeeROY! GETIVAtIVO, 11.0 ., Cons. soos sccicscesecscscal 130-131 135-136 
. specific rotation, degrees.......... +5 +5 


N-Benzoyl derivative of anhydro base, m.p., °C......... 105-106 106-107 





Cis formula. Actually the analytical data of Reindel (with some excep- 
tions) also fit a Cig structure. In this connection the acetone compound 
requires some comment. In order to reconcile the analytical data on this 
derivative with those of a Coo structure, Reindel assumed that this sub- 
stance contained 2 molecules of base per molecule of acetone. This for- 
mulation seems improbable, and the analytical data (both Reindel’s and 
our own) actually fit better a Ca compound derived from a 1:1 combina- 
tion of base and acetone. From these and other considerations, we there- 
fore conclude that cerebrin base has a C,s formula. 

Secondly, studies on lead tetraacetate degradation reported by the pre- 
vious workers did not afford clean cut, definitive results, and hence con- 
frmation by the periodate procedures used in the sphingosine structure 
work (15) seemed worth while. The results proved to be interesting and 
showed conclusively that the structure previously assigned is incorrect. 
Cerebrin base consumes 3 moles of periodate and yields, among other prod- 
ucts, formaldehyde and ammonia. N-Benzoyl cerebrin base reacts with 
only 1 mole of periodate. These results show that the amino group and 
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the three hydroxy] groups are located on the terminal 4 carbon atoms, and 
that the amino group is present between two hydroxyl groups. Only 
structures I and II satisfy these requirements. ; 

Since no formaldehyde could be detected in the oxidation mixture 9 


C:14,H2.,CH—CH—CH—CH, C1,H»,CH—CH—CH—CH, 
Se 
OH OH NH, OH OH NH: OH OH 
(I) (II) 


N-benzoyl cerebrin base, structure II appeared improbable. Final cop. 
firmation of structure I was obtained by conversion of the water-soluble 


O 
Ci14H2,»CH—CH—CH—CH, “+ C,,H.,CHO + 2HCO.H + H.CO + NH, 





a 
OH OH NH, OH 
Cerebrin base 





Ci14H2s3CH—CH—CH—CH,0H __. CisH22CHO + CH.—CH—CH0 
OH be be OH hes 
co a 
bat. oat 


CH.—CH—CHO — CH:—CH—C0O.H — CH:—CH—CO.H 


OH NH OH NH OH NH; 
| | 
co co 
| | 
CoHs C.Hs 


product from the oxidation of N-benzoyl base to serine by oxidation and 
hydrolysis. These results can only be explained by structure I for cere. 
brin base. Preliminary results on the characterization of the long chain 
aldehyde resulting from the periodate oxidation indicate it to be n-pents- 
decanal. Cerebrin base, therefore, is tentatively assigned the following 
structure.? 


CH;(CH:):sCH—CH—CH—CH;, 


| 
OH OH NH; OH 





2 While this manuscript was being prepared, an abstract of a paper by Oda (16) 
came to our attention reporting similar conclusions regarding the structure of cere- 
brin base obtained from the mycelia of a species of Penicillium. 
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The stereochemistry of the cerebrin base molecule remains to be eluci- 
dated. Some information on the configuration of the amino carbon atom 
was obtained in the course of the degradation studies. Oxidation of N- 
benzoyl-p-glucosaminol with periodate gives N-benzoyl-.-serinal, and this 
product has a levorotation of about —20°. The N-benzoy] serinal result- 


CH.0H 
CH—NH—COC¢H:; CHO 
HO—CH HIO, CsH;CONH—CH 
sil fart the CH.0OH 
HC—OH 
CH.0OH 


ing from oxidation of N-benzoyl cerebrin base (under identical conditions) 
proved to be levorotatory and was about —15°. These data require con- 
firmation but suggest that the amino carbon atom in cerebrin base, like 
that in sphingosine (17), has the p configuration as related to the terminal 
carbon atom. 

It seems probable that the anhydro base possesses a tetrahydrofuran 
structure in view of the known ease of formation of this type of compound 
by dehydration of 1,4-glycols. The fact that the N-benzoyl anhydro base 
contains no double bond and does not react with periodate supports this 
view, but final proof is yet to be obtained. 

In conclusion the question of nomenclature demands some consideration. 
The substance known as cerebrin was so named because certain of its prop- 
erties resembled those of the cerebrosides. Therefore, to designate the 
basic component as cerebrin base has some misleading implications. Since 
cerebrin base has only been found in plants and is closely related in struc- 
ture to sphingosine, a trivial name including these two features would seem 
desirable. The term phytosphingosine is suggested as a possible designa- 
tion for this substance. 

The work described in this paper was carried out on inositol lipides from 
com. Purified inositol lipide from soy bean also contains a long chain 
base, although in considerably lower concentration. The crude base iso- 
lated in the usual way yields an N-benzoy] derivative which differs slightly 
from that obtained from corn. Work is now in progress on the structure 
of this substance and also on the nature of the substances in which the 
bases are combined in the original phosphatides. 


The authors are happy to acknowledge generous gifts of soy bean phos- 
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phatides from The Glidden Company, the A. C. Staley Manufacturing 
Company, and the American Lecithin Company and of corn phosphatides 
from Refining Unincorporated. 


EXPERIMENTAL 


Preparation of Inositol Lipide—400 gm. of commercial corn phosphatide 
(Vodol) were added with stirring to 4 liters of glacial acetic acid in a 122 
liter round bottomed flask, and the mixture was stirred for 1 hour. The 
granular residue was filtered, again treated with 2 liters of glacial acetic 
acid, filtered, and used in the next step without removal of acetic acid, 
The moist weight varied from 175 to 275 gm. 

Half of the weight of water was added to the residue (e.g. 115 ml. to 230 
gm.), and the suspension was distributed among six 500 ml. centrifuge 
bottles. 330 ml. of benzene were added to each, and the bottles were 
shaken until no large particles remained undissolved. The mixtures were 
centrifuged, the clear amber benzene layers were siphoned off, and the 
aqueous layers were treated in the same way with 125 ml. portions of ben. 
zene. The benzene layers were combined, concentrated in vacuo at 20- 
25°, and lyophilized. This yielded 130 gm. of light tan, benzene-soluble 
powder (range of 106 to 156 gm.). 

The benzene-soluble powder (130 gm.) was stirred with 1300 ml. of a 2:1 
ethanol-chloroform mixture for 1 hour, the solvent was decanted, and the 
residue was again treated with 700 ml. of solvent mixture. The solid resi- 
due was filtered, dissolved in benzene, and lyophilized, yielding 77 gm. 
(range 72 to 106 gm.) of light tan powder. If this material is to be kept 
for any length of time, it should be redissolved in benzene and stored in 
dark bottles in the cold room to minimize changes in solubility and perox- 
ide content. This purified inositol lipide is relatively free of sterol and of 
non-lipide contaminants. In a series of preparations the inositol content 
was 7 to 11 per cent, N 0.8 to 1.1 per cent, P 3.2 to 3.9 per cent, “‘sphingo- 
sine” N 0.24 to 0.40 per cent. 

““Sphingosine”’ Nitrogen Determination—This determination was carried 
out essentially by the method of McKibbin and Taylor (10) adjusted toa 
somewhat larger scale. 1.0 gm. of lipide was refluxed with 100 ml. of satu- 
rated barium hydroxide for 6 hours, 10 ml. of concentrated hydrochloric 
acid were added, and refluxing was continued for 2 hours. The solution 
was transferred to a 250 ml. separatory funnel and shaken four times with 
25 ml. portions of chloroform. The combined extracts were centrifuged if 


3 A fluffy solid material usually collected between the benzene and water layers. 
Occasionally this material did not separate cleanly from the benzene layer on cen- 
trifugation. In this case the mixture was left at 5° overnight. The mixture was 
then allowed to come to room temperature, and the clear benzene layer was removed. 
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turbid and transferred with filtration into a 100 ml. volumetric flask. 
Kjeldahl nitrogen determinations were made on appropriate aliquots. 

This determination depends on the fact that the hydrochloride and cer- 
tain other salts of long chain bases can be extracted from aqueous acidic 
solutions with chloroform (18). However, it is obvious that any unhydro- 
lyzed ceramide or other neutral nitrogen-containing compounds with a 
favorable chloroform-water distribution will be determined as sphingosine 
nitrogen. 

Preparation of Cerebrin Base—100 gm. of inositol lipide from corn were 
added to a solution of 100 ml. of concentrated sulfuric acid in 2 liters of 
anhydrous methanol. After refluxing for 6 hours, the solution was cooled 
to room temperature, and the fatty acids and esters were removed by shak- 
ing with four 1 liter portions of petroleum ether. 650 ml. of 4 N methanolic 
potassium hydroxide were added to give a final solution basic to litmus, 
and the mixture was cooled. The potassium sulfate was filtered and 
washed with 300 ml. of methanol. The combined filtrate and washings 
were acidified with 30 ml. of glacial acetic acid and concentrated to about 
500 ml. in vacuo. An equal volume of water was added, and the solution 
was made strongly alkaline by the addition of 50 ml. of saturated potas- 
sium hydroxide solution. The mixture was shaken with five 500 ml. por- 
tions of ether, and the combined ether extracts were washed with three 500 
nl. portions of water. The ether was removed in vacuo, the moist residue 
was dissolved in benzene, and this solution was lyophilized to give a dry 
waxy solid, which could be easily handled. The yield of crude base 
amounted to about 6.0 gm. and accounted for approximately 20 per cent 
of the original nitrogen. (In the case of soy bean inositol lipide the yield 
was about half this amount.) 

1 gm. of the crude base was dissolved in 33 ml. of absolute ethanol, and 
the solution was filtered. The filtrate was titrated with 1 N ethanolic sul- 
furic acid to a faint blue reaction to Congo red. The mixture was cooled 
for 2 hours and filtered, yielding 0.72 gm. of a slightly colored amorphous 
base sulfate (m.p. 115-200°; N 3.5 per cent). Cerebrin base was regene- 
rated by treating 0.42 gm. of crude sulfate with 10 ml. of 5 per cent potas- 
sium hydroxide. The mixture was shaken with ether, and the ethereal 
solutions were combined, washed with water, and evaporated to dryness. 
The residue (0.35 gm.) was suspended in 24 ml. of boiling hexane, and 
methanol was added dropwise to give a clear solution. After standing at 
room temperature for 1 hour, the solution was placed in the cold room for 
3hours. The precipitate was filtered and crystallized again from hexane 
plus methanol to give the purified base (m.p. 98-108°). 


CysH3yNO3. Calculated. C 68.07, H 12.39, N 4.42 
Found. * 6.17, * 13.0, * 6. 
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Acetone Compound of Cerebrin Base—2.7 gm. of the crude base described 
above were dissolved with heating in 70 ml. of acetone. After standing 12 
hours at 5°, the crystalline precipitate was filtered, washed with 5 ml. of 
cold acetone, and dried to give 1.33 gm. of essentially pure acetone com- 
pound melting at 105-107°. This compound crystallizes beautifully from 
acetone. 


CaHyNO;. Calculated. C 70.53, H 12.12, N 3.92 
CysHooN20e. sg ** 70.63, ** 12.41, *“* 3.83 
Found. “'7e.an, toe, 6.18 

*«  (Reindel). C 70.5, H 12.1, N 4.00 


N-Benzoyl Cerebrin Base—2.0 gm. of crude base were shaken with 75 ml, 
of ether and 20 ml. of 1 n sodium hydroxide. Then 1.4 ml. of benzoy] 
chloride were added in 0.4 ml. portions with vigorous shaking. The mix- 
ture was allowed to stand, and the ether layer was separated and concen- 
trated in vacuo. The residue was treated with 30 ml. of methanol and 5 
ml. of saturated aqueous potassium hydroxide for 10 hours at room temper- 
ature to saponify any O-benzoyl groups. The methanol was removed in 
vacuo, and the aqueous residue was extracted with ether. The ether solu- 
tion was washed with water and concentrated in vacuo to 25 ml. The 
solid was filtered, yielding 0.39 gm. of crude N-benzoy] cerebrin base melt- 
ing at 122-132°. This material was suspended in boiling ether, and meth- 
anol was added dropwise until a clear solution resulted. On cooling, pure 
N-benzoy] cerebrin base (0.15 gm.; m.p. 135—136°) separated in well formed 
needles. Two more crops (0.1 gm.; m.p. 133-136°) were obtained on fur- 
ther concentration of the filtrate. 


CaHizNO,. Calculated. C 72.10, H 10.55, N 3.12 
CosHasNOx. - * Jisaa, ” Mite, * 328 
Found. “ae, * WA,“ 8. 


N-benzoyl] cerebrin base may also be obtained by benzoylation of the ace- 
tone compound in aqueous alkali. 

N-Benzoyl Triacetyl Cerebrin Base—0.05 gm. of N-benzoy] derivative 
(m.p. 130-135°) was treated with 0.3 ml. of 1:1 acetic anhydride-pyridine 
for 24 hours at room temperature. The solution was cooled in ice, and 0.3 
ml. of water was added, followed by 2 drops of concentrated hydrochloric 
acid. The mixture was extracted with ether, and the ether solution was 
washed with 0.5 n hydrochloric acid, water, 10 per cent sodium bicarbon- 
ate, and finally with water to neutrality. The ether was evaporated, and 
the residue was dried and washed with methanol, giving 0.03 gm. of the 
N-benzoy] triacetyl derivative of cerebrin base melting at 76-79°. 


C3i1HseNQyz. Calculated. C 67 .85, H 9.18, N 2.55 
Found. “ 67.93, “ 9.07, “ 2.65 
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N-Benzoyl Anhydro Base—1.0 gm. of the acetone-soluble residue from 
the crude base was benzoylated as described above, yielding 0.12 gm. of 
N-benzoyl anhydro base which, after recrystallization from ether, melted 
at 104-106°. 


CeosHai NOs. Calculated. C 74.40, H 10.24, N 3.47 
Found. “7, we, 6 


Periodate Oxidations 


Quantitative Experiments—The periodate oxidations were carried out in 
methanol. In the case of the free base an equivalent amount of 0.1 N 
hydrochloric acid was added, yielding the soluble hydrochloride. Then a 
9- to 4-fold excess of sodium periodate (1 to 4 per cent aqueous solution) 
was added, and the solutions were made up to volume. Aliquots were 
removed for arsenite titration in the usual way (19). 

Under these conditions cerebrin base consumed 2.7 moles of periodate in 
90 minutes; the acetone compound, 3 moles in 16 hours; N-benzoy] cere- 
brin base, 1.1 moles in 90 minutes; N-benzoyl anhydro base, 0.0 mole in 4 
hours. 

Identification of Formaldehyde—24 mg. (0.075 mm) of cerebrin base (m.p. 
98-108°) were oxidized in 25 ml. of a methanolic solution of sodium perio- 
date (0.46 mm). After the reaction was complete, the solution was diluted 
with 25 ml. of water and extracted with three 25 ml. portions of hexane to 
remove the long chain aldehyde. 10 ml. of 0.4 per cent aqueous dimedon 
solution were added, and the solution was allowed to stand at room tem- 
perature for 48 hours. The long needles which formed were filtered, 
washed with water, and dried. This material sublimed at 145° on a melt- 
ing point block and melted at 187-189°. It gave no depression of the 
melting point when mixed with an authentic sample of formaldehyde 
dimedon derivative. Similar treatment of the acetone compound also 
yielded the dimedon derivative (m.p. 188-189°). 

Identification of Pentadecanal—The hexane extracts from the oxidation 
of cerebrin base were combined and evaporated to dryness. The residue 
gave a semicarbazone which, after several recrystallizations from aqueous 
ethanol, melted at 98-104° (reported, 106° (12)). The hexane-soluble resi- 
due from the periodate oxidation of the N-benzoy] base was used to prepare 
a 2,4-dinitrophenylhydrazone and a semicarbazone. One portion of the 
residue was treated with an ethanolic solution of sulfuric acid and 2,4- 
dinitrophenylhydrazine to give a derivative which melted at 105-107° (re- 
ported, 107° (12)) on recrystallization from aqueous ethanol. The semi- 
carbazone obtained melted at 102-104° after five recrystallizations from 
aqueous ethanol. 

Identification of Serine—225 mg. (0.5 mm) of N-benzoyl cerebrin base 
(m.p. 183-136°) were dissolved in 45 ml. of methanol, and 5 ml. of sodium 
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periodate solution (1.01 mm) were added. The oxidation was complete in 
90 minutes. The reaction mixture was diluted with 100 ml. of water and 
shaken once with 150 ml. and twice with 50 ml. portions of hexane. The 
hexane extracts were combined and washed with two 25 ml. portions of 
water. The combined aqueous solutions were concentrated to 1 ml. and 
treated with 1 ml. of 5 per cent aqueous potassium permanganate at room 
temperature for 24 hours. Excess permanganate was removed by sulfite, 
and the solution was lyophilized. The residue (which gave a negative 
fuchsin test) was hydrolyzed with 6 n hydrochloric acid for 3 hours, and 
the solution was concentrated in vacuo. The residue was adjusted to pH 
7.6, and a slight excess of barium chloride was added to precipitate iodate 
and sulfate. The barium salts were removed by centrifugation, and the 
supernatant solution was concentrated to dryness in vacuo. The serine 
was extracted from the salt with 0.5 N hydrochloric acid in 85 per cent 
ethanol, and this solution was evaporated to dryness. Paper chromato- 
grams run side by side with serine in three solvent systems showed that 
the single ninhydrin-positive component was serine (R» in phenol-water 
(3:1), 0.1; in n-butanol-ethanol-water (4:1:1), 0.18; in t-butyl alcohol- 
acetic acid-water (2:1:1), 0.5). 

Configuration of Amino Carbon Atom of Cerebrin Base—76 mg. of N-ben- 
zoyl-p-glucosaminol (20) ({a]?? —6.0° (3.5 per cent solution in water)) were 
dissolved in 20 ml. of methanol, and 5 ml. of 1 mM aqueous metaperiodic 
acid were added. The reaction was 66 per cent complete after 45 minutes 
and complete at 20 hours. The rotation of the solution at this point 
(—0.08°) gave a specific rotation for the N-benzoy] serinal of — 15°, assum- 
ing 100 per cent yield. The fact that both solutions had a levorotation of 
the same order of magnitude is strong evidence that benzoyl-L-serinal was 
produced in the oxidation of N-benzoyl cerebrin base. 


SUMMARY 


The purified inositol lipides from corn and soy bean phosphatide contain 
a nitrogenous component other than ethanolamine. This substance from 
corn is identical with the basic component of fungus cerebrin. 

The structure for cerebrin base previously proposed has been shown to 
be incorrect. Data are presented which show that cerebrin base is 1 ,3,4 
trihydroxy-2-aminooctadecane, and that the amino carbon atom has the 
D configuration with respect to the terminal carbon atom. 

The term “phytosphingosine” is proposed as a more satisfactory desig- 
nation for cerebrin base. 
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CARBOHYDRATE OXIDATION BY PSEUDOMONAS 
FLUORESCENS 


II. MECHANISM OF HEXOSE PHOSPHATE OXIDATION* 


By W. A. WOOD anp R. F. SCHWERDT 


(From the Laboratory of Bacteriology, Department of Dairy Science, University 
of Illinois, Urbana, Illinois) 


(Received for publication, August 3, 1953) 


Glucose oxidation by Pseudomonas fluorescens (1) and Pseudomonas 
aeruginosa (2) has been shown to proceed via gluconate to 2-ketogluconate 
without the involvement of phosphorylated intermediates. 2-Ketoglu- 
conate is oxidized further in growing cultures (3) and resting cell suspensions 
(4), but attempts to obtain dried cell preparations or cell-free extracts 
which oxidize 2-ketogluconate have been successful only with Acetobacter 
melanogenum, in which case 2,5-diketogluconate was formed (5). 

The rapid oxidation of glucose-l-phosphate (G-1-P), glucose-6-phos- 
phate (G-6-P), and fructose-6-phosphate (F-6-P) by extracts of P. fluores- 
cens, observed by Wood and Schwerdt (1), has suggested the existence of 
other pathways of carbohydrate oxidation in addition to direct oxidation 
via gluconate and 2-ketogluconate. In addition, the presence of phospho- 
glucomutase, phosphohexose isomerase, and hexokinase in Pseudomonas 
purefaciens and enzymes converting 6-phosphogluconate to pyruvate and 
triose phosphate in Pseudomonas saccharophila have been demonstrated by 
Klein and Doudoroff (6) and Entner and Doudoroff (7). These findings 
further indicate the presence of oxidative pathways involving phosphory- 
lated intermediates in the pseudomonads. In the latter two organisms, 
however, the oxidation of glucose to gluconate and 2-ketogluconate ap- 
parently does not occur. 

In view of the apparent multiplicity of oxidative pathways in these or- 
ganisms, further experiments have been undertaken to elucidate the mech- 
anism of hexose phosphate oxidation. The data to be presented indicate 
the existence of alternative routes of phosphate ester metabolism in P. 
fluorescens. In the oxidative (hexose monophosphate) pathway, 6-phos- 
phogluconate undergoes both an oxidation and a non-oxidative split to 
pyruvate and triose phosphate. The presence of several glycolytic en- 


* This investigation was supported in part by a grant-in-aid from the National 
Science Foundation. A preliminary account of this work was presented at a sym- 


posium on “Some aspects of carbohydrate metabolism,’’ Oak Ridge, Tennessee, 
1952. 
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zymes has been demonstrated; the complete glycolytic system, however, 
does not participate in hexose phosphate oxidation. 


Methods 


Cell-free extracts of P. fluorescens, A3.12, containing approximately 35 
mg. of protein per ml. were prepared by sonic treatment of aqueous bac- 
terial suspensions, as described previously (1). 

Substrates—Crystalline barium glucose-6-phosphate heptahydrate (98 to 
100 per cent pure) was prepared enzymatically from starch with potato 
phosphorylase and rabbit muscle phosphoglucomutase! or from crude bar- 
ium fructose-6-phosphate with dialyzed rabbit muscle extract (8). Barium 
ribose-5-phosphate (R-5-P), having the theoretical pentose analysis and 
chromatographically homogeneous, was obtained from the Schwarz Labo- 
ratories. Barium ribulose-5-phosphate was prepared by Dr. B. L. Horee- 
ker. Triphosphopyridine nucleotide (TPN), 80 per cent pure, was ob- 
tained from the Sigma Chemical Company. Reduced diphosphopyridine 
nucleotide (DPNH) was prepared either by the method of Ohlmeyer (9) 
or by that of Lehninger (10). Glyceraldehyde-3-phosphate (G-3-P) was 
prepared from pu-glyceraldehyde-1-bromide-3-phosphoric acid (dimeric), 
obtained from the Concord Laboratories, Cambridge, Massachusetts, by 
neutralization with sodium hydroxide (11). Sedoheptulose and sedohep- 
tulosan were supplied by Dr. N. K. Richtmyer. 

Enzymes—Lactic dehydrogenase was prepared by the method of Straub 
(12). The alkaline phosphatase (13) was obtained from Armour and Com- 
pany. Glucose-6-phosphate dehydrogenase (0.5 unit per mg. of protein) 
and 6-phosphogluconate (6-PG) dehydrogenase (15.2 units per mg. of 
protein) and.the other preparations used were described previously (1). 

Determinations—Metabolic gas exchange was measured in the Warburg 
respirometer by conventional methods. Glucose-6-phosphate and 6-phos- 
phogluconate were determined in a Beckman model DU spectrophotometer 
with quartz micro cuvettes of 0.5 ml. capacity, according to the method of 
Horecker and Smyrniotis (14). Pentose and sedoheptulose were deter- 
mined by a modification of Mejbaum’s procedure (15). Duponol was 
added to stabilize the color produced by sedoheptulose and sedoheptulosan. 
Triose phosphate was estimated as alkali-labile phosphate (16). Pyruvate 
was measured enzymatically with lactic dehydrogenase and DPNH as the 
decrease in optical density at 340 mu, or colorimetrically by the double ex- 
traction procedure of Friedemann and Haugen (17). Protein was esti- 
mated by the biuret procedure of Robinson and Hogden (18). 


1 Wood, W. A., unpublished procedure. 
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Results 


As shown in Fig. 1, extracts of P. fluorescens, in addition to oxidizing 
glucose and gluconate, rapidly oxidized a number of phosphate esters in- 
volved in the glycolytic and the hexose monophosphate systems. G-1-P 
and G-6-P were oxidized at equal rates and F-6-P, 6-PG, and R-5-P also 
were oxidized, but at somewhat slower rates. Fructose-1 ,6-diphosphate 
(F-1,6-P) was oxidized very slowly. The oxygen consumption with G-6-P 
continued beyond 7 hours and resulted in 3.5 to 5.5 um of oxygen uptake per 
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Fig. 1. Oxidation of various substrates by a sonic extract of P. fluorescens. The 
Warburg cups contained approximately 35 mg. of protein, 20 um of substrate, 100 
of DPN (80 per cent purity), and Veronal buffer, pH 7, in a fluid volume of 3 ml. 
Temperature, 37°. 


micromole of G-6-P and an R. Q. of 1.1 to 1.35. In these calculations the 
endogenous values were subtracted. Thus these crude preparations con- 
tained an intact system capable of oxidizing hexose phosphates essentially 
to completion. 

Glycolytic Enzymes—Table I presents typical rate measurements of sev- 
eral glycolytic enzymes present in a sonic extract. As previously reported 
(1), such extracts are devoid of hexokinase. Similarly, phosphohexokin- 
ase could not be detected. Itcan be seen from TableI, however, that phos- 
phoglucomutase, phosphohexose isomerase, aldoiase, triosephosphate isom- 
erase, and G-3-P dehydrogenase were present. The activity of G-3-P 
dehydrogenase was considerably greater than that of the other glycolytic 
enzymes tested. The amount of phosphoglucomutase and phosphohexose 
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isomerase was approximately that reported by Klein and Doudoroff (6) for 
P. putrefaciens. These findings suggest that the oxidation of G-1-P and 
F-6-P involves first a conversion to G-6-P, followed by G-6-P oxidation 
via the hexose monophosphate pathway. The slow rate of F-1,6-P oxida- 
tion and the lack of phosphohexokinase eliminate a réle of the glycolytic 
pathway in these oxidations. 

Glucose-6-phosphate and 6-Phosphogluconate Dehydrogenases—G-6-P and 
6-PG oxidation was studied in more detail by measuring pyridine nucleo- 
tide reduction at 340 my (Fig. 2). In contrast to the yeast G-6-P and 
6-PG dehydrogenases, rapid reduction of both DPN and TPN occurred, 


TaBLeE | 
Activity of Glycolytic Enzymes in Extracts of P. fluorescens 





























Enzyme Substrate pen mone Method* | Ratet 
Phosphoglucomutase G-1-P G-6-P + ATPNH{| 4.4 
4 - | (25) | 18.5 
Phosphohexose isomer- | G-6-P F-6-P |+ Afructose| 4.5 
ase F-6-P G-6-P + A TPNHt 7.7 
Hexokinase Glucose + ATP§ “ (1) 0 
Phosphohexokinase F-6-P + ATP (26) 0 
Aldolase F-1,6-P Triose PO, | (27) | 11.5 
- + isomerase G-3-P F-1,6-P + A fructose | 12.0 
Glyceraldehyde-3-phos- - DPNH (28) 295 


phate dehydrogenase 





* The figures in parentheses refer to the bibliography. 

{t Micromoles per hour per ml. of enzyme (approximately 35 mg. of protein 
per ml.). 

} Excess glucose-6-phosphate dehydrogenase present. 

§ Adenosinetriphosphate. 


In all experiments, the reduction rates with DPN and TPN were of the 
same order of magnitude, but the reduction with G-6-P was considerably 
more rapid than with 6-PG. 

As shown in Fig. 2, the kinetics of DPN reduction differed markedly from 
those of TPN with either G-6-P or 6-PG as a substrate in that a marked 
lag occurred after the reduction was initiated, which was followed by a re- 
turn to the maximal rate. The length of the lag and the point at which it 
appeared varied with the preparation. These anomalous kinetics indi- 
cated the presence of a competing reaction by which DPNH was oxidized. 
Since neither precipitation with ammonium sulfate nor dialysis abolished 
the lag, it appeared that metabolic products were not serving as acceptors. 
However, the DPNH concentration could be reduced sharply, even in the 
presence of excess G-6-P, by aerating the contents of the cuvettes. The 
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fact that DPNH was rapidly oxidized by molecular oxygen, whereas TPNH 
was not, is shown in Fig. 3. In the presence of excess G-6-P, DPN re- 
duction was initiated and a lag of about 12 minutes was observed. After 
reduction was complete, aeration by stirring decreased sharply the DPNH 
concentration. Following this, reduction again occurred until the DPN 
was completely reduced. With a limiting G-6-P concentration, only a 
transient appearance of DPNH was observed. The lag thus reflects a 
period of DPNH oxidation by dissolved oxygen, during which the rates of 
DPN reduction and DPNH oxidation are equal. After the formation 
of TPNH by G-6-P in limiting concentration, aeration did not cause TPNH 
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Fic. 2. DPN and TPN reduction by glucose-6-phosphate and 6-phosphogluconate. 
The quartz micro cuvettes (1. = 1 cm.) contained 0.015 ml. of sonic extract, 0.05 ml. 
of Veronal buffer, pH 7, 0.04 um of DPN or 0.03 um of TPN, 3.2 um of G-6-P or 6-PG, 
and water to 0.5 ml. 


oxidation. However, upon the addition of DPN to the same cuvette, a 
rapid oxidation of TPNH occurred. The presence of a flavoprotein DPNH 
dehydrogenase was indicated by the reduction of 2,3,5-triphenyltetra- 
zolium chloride to the red formazan in the presence of G-6-P and DPN, 
or with DPNH alone. The addition of TPN and G-6-P to dialyzed ex- 
tracts resulted in a very slow rate of dye reduction. 

The G-6-P and 6-PG dehydrogenases were separated by an ammonium 
sulfate fractionation which separated the particles from the soluble pro- 
teins. Glucose-6-phosphate dehydrogenase, as measured by both DPN 
and TPN reduction, was found exclusively in the particle fraction which 
was precipitated by 0.5 volume of saturated neutral ammonium sulfate. 
A lag during DPN reduction similar to that exhibited by crude extracts 
was observed. This fraction also contained the glucose- and gluconate-oxi- 
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dizing system as well as the cytochrome carriers (1). The 6-PG dehy- 
drogenase was found exclusively in the soluble protein fraction precipitated 
by an additional 2.5 volumes of saturated ammonium sulfate. Since the 
cytochrome carriers are found exclusively in the particle fraction, no in- 
flection was observed during DPN reduction by the soluble fraction. 
6-Phosphogluconate Degradation—A measurement of the stoichiometry 
of 6-PG utilization showed that two pathways were involved (Table II), 
The enzyme was incubated with 6-PG (12.5 um per ml.), hydrazine (112 
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Fig. 3. DPNH and TPNH oxidation by a sonic extract of P. fluorescens. The 
cuvettes contained 0.15 ml. of sonic extract, 5 um of MgCle, 12 um of glycylglycine 
buffer, pH 7.4, and 0.05 um of TPN or DPN. 0.02 um (solid circles) or 1.6 um (open 
circles) of G-6-P was added. The volume was 0.5 ml. The reaction mixture was 
aerated by vigorous stirring. DPN was added as indicated. 


uM per ml.) to fix triose phosphate, and sodium arsenite (2 um per ml.) 
to inhibit pyruvate utilization. 6-PG, triose phosphate (alkali-labile P), 
pyruvate, and pentose determinations were run on the trichloroacetic acid 
extract at 0 and 30 minutes. Approximately equal amounts of pyruvate 
and triose phosphate were formed. These products accounted for about 
90 per cent of the 6-PG, the remaining 10 per cent being pentose phosphate. 
In the same interval, 7.7 um of 23 uM of ribose-5-phosphate were utilized. 
Neither pyruvate nor triose phosphate accumulated, thereby eliminating 
ribose-5-phosphate as an intermediate in the reaction. Similarly, the utili- 
zation of ribulose-5-phosphate did not result in triose phosphate or py- 
ruvate formation. In many experiments low triose phosphate values were 
obtained. It is possible that triose phosphate hydrazone formation was 
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not complete and further reactions, such as oxidation or condensation, to 
form F-1,6-P occurred. 

Owing to the limiting TPN concentration and lack of TPNH oxidation 
in these extracts, as described above, the amount of pentose formed (Table 
II) does not reflect the true 6-PG dehydrogenase activity. With another 
preparation, the rate of 6-PG oxidation by 6-PG dehydrogenase (14) and 
the rate of 6-PG splitting under optimal conditions? revealed typical rates 
of 24 and 144 un of 6-PG utilized per hour per ml. of extract respectively. 

In view of the high G-3-P dehydrogenase activity, DPN reduction in the 
presence of 6-PG could occur by the action of the 6-PG-splitting system 
(which forms G-3-P) and G-3-P dehydrogenase. If such were the case, 
the addition of sodium fluoride, which inhibits the 6-PG-splitting system, 


TaBLE II 
6-Phosphogluconate Metabolism by P. fluorescens Extract 
The stoichiometry of 6-phosphogluconate utilization by extracts of P. fluorescens. 
A5ml. reaction mixture contained 1 ml. of sonic extract, 0.5 ml. of 0.25 m glycyl- 
glycine buffer, pH 7.4, 1 ml. of 6-PG, 100 um per ml., 1 ml. of 0.56 m hydrazine sulfate 
(neutralized), and 1.0 ml. of 10-? m sodium arsenite. At 0 and 30 minutes, a 2 ml. 
aliquot was removed and the reaction stopped with 0.4 ml. of 40 per cent TCA. 





| A pM in 30 min. 


Substrate a : 1. i 
6-PG Pyruvate | fae | Pentose 
| 
RSE ote ea 0 | | +0.08 
SR re re ee —8.20 +7.40 +6.22 | +0.84 


Cs i ck ncksananepgekoiainen +0.1 | 0 | =9.9 


or iodoacetate, which inhibits G-3-P dehydrogenase, should abolish DPN 
reduction. Under the conditions shown in Fig. 2, DPN reduction by 
both 6-PG and G-3-P occurred. The rate with G-3-P was considerably 
less than that measured in the presence of cysteine and arsenate (Table I). 
When 0.02 m sodium fluoride or 10~* m iodoacetate was present, however, 
the rate of DPN reduction by 6-PG was not decreased appreciably. From 
this observation it is evident that the observed DPN reduction by 6-PG 
does not result from the formation and oxidation of G-3-P, even though 
the enzymes catalyzing these reactions under other conditions are present. 

Pentose Phosphate Utilization—As already noted, ribulose-5-phosphate 
and ribose-5-phosphate were degraded, but triose phosphate and pyruvate 
did not accumulate. The pentose phosphates appeared to be utilized by a 
system in some ways similar to the combined, purified rat liver pentose- 


* Kovachevich, R., and Wood, W. A., unpublished procedure. 
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splitting enzyme and aldolase (19) or spinach enzyme (20) studied by 
Horecker et al. The decrease in pentose phosphate was accompanied by 
the formation of a compound reacting like sedoheptulose in the orcinol 
pentose test (19). As shown in Fig. 4, the absorption peak at 680 my, 
characteristic of aldopentoses, disappeared and a broad absorption band of 
low intensity between 580 and 650 my appeared (19). The latter is similar 
to that produced by 10 y of sedoheptulosan. Sedoheptulose was further 
identified on chromatograms by the ketoheptulose reagent of Bevenue and 
Williams (21) after incubation of the reaction mixture with alkaline phos- 
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Fic. 4. Orcinol spectrum after incubation with ribose-5-phosphate. The reac- 
tion mixture contained 0.4 ml. of crude enzyme, 0.2 ml. of ribose-5-phosphate, 100 
um per ml., and 1.4 ml. of water. 0.5 ml. of the reaction mixture was acidified with 
0.1 ml. of 40 per cent trichloroacetic acid and centrifuged. 0.01 ml. of the super- 
natant solution was assayed for pentose. Sedoheptulosan was used to obtain the 
. spectrum of sedoheptulose. 











phatase, deionization with a mixed Dowex 2-Dowex 50 column, and paper 
chromatography. In acetone-water (9:1), butanol-propionic acid-water 
(22), and water-saturated phenol, 2» values for authentic sedoheptulose 
and the reaction product were 0.24, 0.27, and 0.43 respectively. 


DISCUSSION 


Although glucose is oxidized to gluconate and 2-ketogluconate by P. 
fluorescens (1), a system for the essentially complete oxidation of hexose 
phosphates, as well as many glycolytic enzymes, also is present in this or- 
ganism. The inability to demonstrate the presence of hexokinase, glu- 
conokinase, and phosphohexokinase is consistent with the predominant, if 
not the exclusive, utilization of glucose by the direct oxidative pathway 
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through gluconate observed with growing cultures (3), dried cell prepara- 
tions (2), and enzyme preparations (1). In view of the inability to demon- 
strate glucose or gluconate phosphorylation, the réle of enzymes attacking 
phosphorylated intermediates is not evident, however. The phosphoroly- 
sis of polysaccharides to yield hexose phosphates or a cyclic mechanism for 
2-ketogluconate oxidation in which hexose phosphates eventually are in- 
volved is possible. 

The observed reduction of both DPN and TPN in the presence of G-6-P 
and 6-PG is most easily explained by the combined action of a TPN- 
specific dehydrogenase and a pyridine nucleotide dehydrogenase (23). The 
requirement for DPN for TPNH oxidation is considered evidence for the 
presence of a pyridine nucleotide transhydrogenase. An alternative pos- 
sibility would be either the presence of a pyridine nucleotide-non-specific 
dehydrogenase or two dehydrogenases, one specific for DPN, the other 
for TPN. DeMoss* has observed the presence of DPN-linked, 6-PG de- 
hydrogenase in Leuconostoc mesenteroides. Thus, even though a transhy- 
drogenase is present, other mechanisms of DPN reduction have not been 
eliminated. An attempt to separate the DPN- and TPN-specific G-6-P 
dehydrogenase activity has been unsuccessful, since the enzymes are tightly 
bound to the particles. The repeated precipitation of the particles with 
ammonium sulfate or by high speed centrifugation has not produced a 
TPN requirement for DPN reduction, as has been observed by Colowick 
et al. (23) in cases in which DPN reduction is mediated by pyridine nucleo- 
tide transhydrogenase. 

Alternative pathways of 6-PG metabolism were found in the extracts. 
A 6-PG dehydrogenase and a system splitting 6-PG to triose phosphate 
and pyruvate are present. Since 6-PG undergoes a C;-C; split relatively 
faster than it undergoes oxidation, the former reaction appears to be of 
major importance in this organism. Presumably triose phosphate can be 
formed by both of the 6-PG-utilizing reactions, however, either directly by 
the C;-C; split, or from pentose phosphate (24). The high triosephosphate 
dehydrogenase activity in extracts relative to that of the other glycolytic 
enzymes assayed suggests a major réle of triose phosphate in hexose phos- 
phate oxidation in spite of the fact that the glycolytic system as such is 
not involved. 

The formation of sedoheptulose phosphate from ribose-5-phosphate or 
ribulose-5-phosphate by P. fluorescens, as well as by yeast, liver, and 
spinach (19), indicates the general importance of this process in carbohy- 
drate metabolism. At the moment, however, the part this reaction plays 
in carbohydrate oxidation is obscure. 


*DeMoss, R. D., private communication. 
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The authors wish to acknowledge the assistance of Mr. Micah Krichey- 
sky in identifying the sedoheptulose. 


SUMMARY 


1. Extracts of Pseudomonas fluorescens contain an intact system for the 
oxidation of G-1-P, G-6-P, F-6-P, 6-PG, R-5-P. F-1,6-P was oxidized 
only slowly. 

2. Glyceraldehyde-3-phosphate dehydrogenase was present in high con- 
centration. Phosphoglucomutase, phosphohexose isomerase, and aldolase 
activity could be detected, whereas phosphohexokinase could not. 

3. DPN and TPN reduction by G-6-P was catalyzed by the particle 
fraction of sonic extracts. 

4. DPNH was oxidized by molecular oxygen, whereas TPNH was not, 
except when DPN was added. 

5. The soluble protein fraction catalyzed the reduction of DPN and TPN 
by 6-PG. In addition, 6-PG was converted to triose phosphate and py- 
ruvate at a 5- to 10-fold faster rate. Ribose-5-phosphate or ribulose-5- 
phosphate was not involved in this process. 

6. The anaerobic degradation of ribose-5-phosphate or ribulose-5-phos- 
phate resulted in accumulation of sedoheptulose phosphate. 
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PEPTIDASES IN HUMAN BLOOD 
Il. THE HYDROLYSIS OF ADDITIONAL PEPTIDES BY NORMAL SERUM 


By GERARD A. FLEISHER 


WITH THE TECHNICAL ASSISTANCE OF NorMA GOPLERUD 


(From the Section of Biochemistry, Mayo Foundation* and Mayo Clinic, 
Rochester, Minnesota) 


(Received for publication, July 13, 1953) 


The results of our previous investigation (1) have suggested that normal 
human serum contains several enzymes capable of hydrolyzing glycyl- 
glycine and glycyl-t-leucine. This work has now been extended to in- 
clude the substrates, glycyl-L-tyrosine, Lt-leucylglycine, and glycylglycyl- 
glycine. Among these peptidases are those which have been observed 
to be elevated in certain pathologic conditions (2). 


Methods 


All enzyme determinations were carried out at 38° with substrate con- 
centrations of 5 X 10-* m and serum dilutions 1:5. In analogy with the 
findings on the hydrolysis of glycylglycine and glycyl-u-leucine (1), no sig- 
nificant changes were noted in the present group of enzymes, when serum 
was analyzed before and after ($, 1, and 2 hours) a substantial meal; this 
made it unnecessary to use fasting blood only. Our results are expressed 
as initial velocities m, based on unity substrate; m and r’ are the parameters 
of the equation 





1 1 , 
- oa (eit) 


of the fitted straight line, in which p is the fraction of substrate hydrolyzed 
during the reaction time ¢. Details of the analysis and calculation of en- 
zyme activities have been described previously (1, 3). 


RESULTS AND DISCUSSION 


Glycyl-L-tyrosine-Splitting Activity—Because of the low solubility of gly- 
cyl-L-tyrosine, and particularly of its split-product L-tyrosine (4 X 107° m 
at 38°), this peptide has not been used before as a substrate for serum pep- 
tidases. Our results, which the ninhydrin method has made possible, sug- 
gest that glycyl-L-tyrosine is hydrolyzed by several enzymes in human 


*The Mayo Foundation is a part of the Graduate School of the University of 
Minnesota. 
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serum. In the presence of phosphate buffer and optimal concentrations 
of Cot+ (10-* m), the pH curve showed a broad maximum between pH 62 
and 8.3. The activation by Co at pH 6.2, 6.8, and 7.9 was only about 
2-fold, and was independent of the time of contact between serum and Co, 
as shown by a comparison of time reactions. From such reactions the 
parameters r’ were calculated to be 8.1 at pH 6.2 and 1.3 at pH 7.9. The 
average activities and standard deviations in the sera from twenty-five 
normal persons were, at pH 6.2, m = 0.89 + 0.18 X 10 per minute, and, 
at pH 7.9, m = 1.09 + 0.22 X 10° per minute. 

In contrast to cobalt, Mn** caused a very striking activation which 
was greatest at 2 X 107° m in Veronal buffer. Preliminary incubation of 
serum and Mn* for 2 hours was beneficial. The pH curve suggested the 
possibility of two peaks, one at pH 7.4 and the other at pH 7.9, but because 
of their closeness further proof is needed. The serum from one normal 
person showed the following parameters and activities: at pH 7.4, r’ = 
0.1, m = 5.7 X 10° per minute; at pH 7.9, r’ = 0.9, m = 4.5 XK 10> per 
minute. 

Unpublished experiments have indicated that the activities in the pres- 
ence of Cott, but not of Mn*, are elevated in the serum of patients with 
certain pathologic conditions as compared with the serum from a number 
of normal persons. This suggests at least two different sources for the 
glycyl-L-tyrosine-splitting enzymes of human serum. 

L-Leucylglycine-Splitting Activity—The hydrolysis of u-leucylglycine by 
serum is known to be a particularly slow reaction. For this reason all 
experiments with this substrate were carried out without preliminary in- 
cubation, and a small amount of octyl alcohol was added to retard bac- 
terial growth. In contrast to the leucine aminopeptidase from animal 
tissues (4, 5), serum was found to be activated more by Co** than by 
Mn; similar observations were made by Johansen and Thygesen (6). 
The optimal conditions for the two ions in Veronal buffer were, pH 7.5, 
10-* m Cot, and pH 8.0, 2 X 10-*m Mn*. From the kinetics of the two 
reactions the parameters r’ were calculated to be 5.1 and 2.9, respectively, 
for Cot+ and Mnt*. The average activities in the serum from twenty- 
five normal persons were, for Co**, m = 0.77 + 0.17 K 10- per minute, 
and, for Mn**, m = 0.58 + 0.19 X 10- per minute. 

Tripeptidase Activity—The cleavage of the first peptide bond of glycyl- 
glycylglycine by serum in the absence of a heavy metal ion is shown in Fig. 
1,aasa function of pH. An optimum is present near pH 6.8; however, the 
shape of the curve above this point is suggestive of a second maximum. 
Unpublished data obtained with certain pathologic sera have given further 
indication for the presence of two tripeptidases in serum. From time re- 
actions the parameters r’ were calculated to be 1.7 and 2.2, respectively, 
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at pH 6.8 and 7.6. Mean activities and standard deviations in twenty- 
five normal sera were, at pH 6.8, m = 2.25 + 0.56 X 10- per minute, and 
at pH 7.6, m = 1.90 + 0.45 X 10% per minute. 
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O 1 a 3 4 
Hours of preincubation 
with sequestrene 
Fig. 1. Hydrolysis of glyeylglycylglycine by normal serum. a, effect of varying 

pH values in phosphate buffer. b, inhibitory effect of sequestrene as a function of 
time. O, pH 6.8; @, pH 7.6. Both in phosphate buffer; reaction time 4 hours; 
sequestrene, 5 X 10-‘m. (The effect of sequestrene during the enzymatic splitting 
is assumed to be approximately equivalent to a preincubation period of one-half the 
reaction time.) 


Optimal hydrolysis of glycylglycylglycine by serum has been reported 
previously to be at pH 7.1 (7); this value was obtained in the presence of 
10 m CoCl, and was, therefore, the result of the combined action of tri- 
peptidase and glycylglycine dipeptidase. 

The question whether serum tripeptidase is a preformed metalloprotein 
was investigated with the help of sequestrene (ethylenediamingtetraacetic 
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acid). The results of our experiments, shown in Fig. 1, b, indicate that 
sequestrene causes inactivation which is a function of the time of contact 
with the enzyme. The inactivation was much greater at pH 6.8 than at 
pH 7.6. Whether this difference actually distinguishes the two tripepti- 
dases or is merely due to a pH effect cannot be decided at this time. Pre- 
liminary tests at pH 6.8 have shown that part of the activity lost after 
treatment with sequestrene can be regained by incubation with either Mn+ 
or Cot*, after first removing all sequestrene by dialysis. In this respect 
the serum enzyme differs apparently from the tripeptide-splitting enzyme 
from hog duodenal mucosa, which Agren (8) was able to dissociate by di- 
alysis at pH 3.8 to 4.3 into a protein fraction and a low molecular acti- 
vator; the latter could not be replaced with Mn++. Because of the low 
tripeptidase activity in serum, we have not pursued our experiments any 
further. A more extensive study has been made with human erythrocytes 
as a source of tripeptidase; the results will be reported in a forthcoming 
publication. 


SUMMARY 


A study has been made of the hydrolytic action of normal human serum 
on glycyl-L-tyrosine, L-leucylglycine, and glycylglycylglycine. The effects 
of varying pH values and concentrations of Co++ and Mn* on these re- 
actions seem to indicate that more than one enzyme is involved in the 
hydrolysis of each of the three substrates. 
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THE EFFECT OF HYPERGLYCEMIC-GLYCOGENOLYTIC 
FACTOR ON FAT METABOLISM OF LIVER* 


By ELLA 8S. HAUGAARDt ann NIELS HAUGAARD 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 20, 1953) 


It is known that hyperglycemic-glycogenolytic factor (HGF) and epi- 
nephrine accelerate glycogenolysis in the liver. The studies of Sutherland 
and Cori (1) show that they act alike on the formation of glucose from 
glycogen in liver slices. Fat metabolism is also affected by these hor- 
mones. For example Blixenkrone-Mglier (2) observed that epinephrine 
causes an increase in the production of acetoacetate by the perfused cat 
liver. Haugaard and Stadie (3) later reported that HGF and epinephrine 
partially inhibit the incorporation of acetate into fatty acids by rat liver 
slices. 

In this paper we report further experiments on the synthesis of fatty 
acids from isotopic glucose and fructose and on the formation of ketone 
bodies by rat liver slices. 


Methods 


Fatty Acid Synthesis—Male albino rats of the Wistar strain (150 to 200 
gm.) were fed ad libitum on a diet of standard rat food. Bread was added 
to the diet 1 day before an experiment. The rats were killed by decapita- 
tion and liver slices prepared with a Stadie-Riggs tissue slicer. Slices of 
one liver were distributed equally between two reaction vessels. One por- 
tion was equilibrated for 3 hours at 38° in 5 ml. of Krebs-Ringer bicar- 
bonate buffer (initial pH 7.4) containing 0.011 m glucose or fructose uni- 
formly labeled with C. The gas phase was 95 per cent O2-5 per cent COs. 
The other portion was incubated under identical conditions except that 
hyperglycemic factor was added. Fatty acids were isolated by a method 
similar to that described by Sperry, Waelsch, and Stoyanoff (4). The 
saturated fatty acids were separated from the unsaturated fatty acids and 
were plated and counted as described previously (5). 

Ketone Body Formation—Male albino rats of the Wistar strain (weighing 


* The work reported in this paper was supported in part by grants from the Na- 
tional Institutes of Health, United States Public Health Service, and the Insulin 
Grants Committee of the Lilly Research Laboratories. 

t Postdoctoral Fellow of the American Cancer Society, upon recommendation of 
the Committee on Growth of the National Research Council. 
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200 to 250 gm.) were maintained on a diet of standard rat food. The rats 
were killed and liver slices prepared as described in the preceding section, 
Matched slices were washed in cold saline and equilibrated for 90 minutes 
at 38° in 5 ml. of Krebs-Ringer bicarbonate buffer with or without 0.01 y 
sodium acetate and in the absence or presence of hyperglycemic factor, 
Total ketones as acetone were determined by the method of Behre and 
Benedict (6). In control experiments it was shown that no significant 
amounts of ketones could be demonstrated when washed liver slices were 


TABLE I 
Effect of Hyperglycemic Factor on Synthesis of Fatty Acids from Radioactive Glucose 
and Fructose 
Equilibration, 3 hours, 38°. Medium, 5 ml. of Krebs-Ringer bicarbonate buffer, 


pH 7.4, containing 0.011 m glucose or fructose. Gas phase, 95 per cent O2-5 per cent 
CO>. 


= saad yper- Specific e 
Rat No. Substrate added SRaded substrate | elyeemic activity of fatty | hyperalrem 
| c.p.m. per mg. C | 7 per mil. | c.p.m. per mg. C per cent 
1 Glucose | 11,200 | 0 | 21 
40 13 | —88 
2 ” | 11,900 0 15 
| 80 | 8 | —47 
3 - 11,900 0 27 | 
| 72 1 26| = (41 
4 Fructose 8,340 0 24 
| 76 17 —29 
5 e 12,300 0 161 
| 64 | 142 —12 
6 16,700 0 75 
64 52 —3l 








equilibrated for 5 minutes in saline at room temperature; hence the ketones 
found at the end of the 90 minute equilibration represent synthesis. 

Hyperglycemic Factor—The preparation used (Lilly, Lot 11049) was 
kindly supplied by Eli Lilly and Company. 


Results 


The effect of the HGF on the synthesis of fatty acids from radioactive 
glucose and fructose is given in Table I. Fatty acid synthesis from both 
substrates is significantly decreased; the mean decrease is 30 + 4.1 per 
cent. This value is essentially that previously reported (3) for the de- 
crease by the HGF factor of the incorporation of acetate into fatty 
acids by rat liver slices. 
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TaBLe II 
Effect of Hyperglycemic Factor on Ketone Production by Rat Liver Slices in Absence 
of Added Substrate 
Equilibration, 90 minutes, 38°. Medium, 5 ml. of Krebs-Ringer bicarbonate 
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buffer, pH 7.4, with or without hyperglycemic factor, 60 to 70 mg. per ml. 


Rat No. 


Total ketones 








—_ HGF effect 
No HGF | With HGF 
uM per gm. | uM per gm. uM per gm. per cent 
1 4.94 | 6.37 +1.44 +29 
2 4.43 | 65.51 +1.08 +24 
3 2.85 | 2.86 +0.01 0 
4 3.25 | 3.43 +0.18 +6 
5 4.60 | 4.59 —0.01 0 
6 3.65 | 4.38 +0.73 | +20 
7 3.94 | 5.85 +1.91 +48 
8 3.47 | 4.98 | +1.51 +44 
9 5.25 | 6.65 | +1.40 +27 
10 5.03 | 5.27 +0.24 +5 
11 5.49 | 6.58 +1.09 +20 
eee 4.26 5.13 +0.87 +20.3 
Sere +0.204 +4.97 
ae | 4.3 4.1 
ON eee | 0.01-0.001 0.01-0.001 
TaBLeE III 


Effect of Hyperglycemic Factor on Ketone Production by Fat Liver Slices in Presence 


of Acetate 


Experimental conditions, same as those described in Table II except that the 


medium contained 0.1 m sodium acetate. 


Total ketones 








Rat No. Sa Fe aa HGF effect 
No HGF | With HGF 
uM per gm. | uM per gm. uM per gm. per cent 
l 3.96 4.23 | +0.27 +7 
2 6.17 | 7.63 | +1.46 +24 
3 3.13 | 3.32 | +0.19 +6 
4 3.78 | 4.38 | +0.60 +16 
5 4.29 | 4.37 | +0.08 +2 
6 4.14 | 5.46 +1.32 +32 
7 5.83 | 5.54 | —0.29 —5 
8 5.42 | 7.17 | 41.75 +32 
9 5.95 | 6.39 | +0.44 +7 
10 5.68 | 7.66 | +2.03 +36 
Mean 4.83 | 5.62 | +0.79 +15.7 
MES sha Gcile ais’ 200 | | +0.250 +£3.27 
Re a 3.2 4.8 
Riek seseiesss | 0.01-0.001 0.001 
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The possibility that the hyperglycemic factor affects the oxidation of 
liver fatty acids was investigated. For that purpose ketone body produc. 
tion in the absence of added substrates was determined. The data appear 
in Table II. 

The results clearly demonstrate that ketone formation is increased in the 
presence of HGF. A series of experiments was also carried out in which 
the effect of hyperglycemic factor on ketone production in the presence of 
acetate was determined (see Table III). The increase in ketone produe- 
tion due to hyperglycemic factor was the same whether or not acetate was 
present in the medium, even though ketone formation was greater in the 
presence of acetate than in its absence. Significant extra ketone produc- 
tion due to acetate was observed in a series of six paired experiments not 
shown in the tables. These data suggest that the hyperglycemic factor 
does not increase ketone production from acetate itself. 


DISCUSSION 


The experiments described here give further evidence that the hyper- 
glycemic-glycogenolytic factor influences fat metabolism in the liver. The 
over-all effect of HGF is to promote oxidation of fatty acids and to inhibit 
synthesis. In this respect the action is opposite that of insulin. The ob- 
servation that HGF stimulates the formation of ketone bodies is a dem- 
onstration of a net effect on one aspect of the metabolism of fat. 

The mechanism by which HGF brings about these effects is not clear. 
The findings that fatty acid synthesis is equally inhibited whether the 
precursor is acetate, fructose, or glucose indicate that HGF influences re- 
actions involved in the synthesis or oxidation of fatty acids, rather than 
preliminary reactions of the radioactive substrates. 

One explanation for the effect of HGF on the incorporation of radioac- 
tive metabolites into fatty acids would be that the pool of radioactive 
precursors of fatty acids was diluted by substances derived from the extra 
glycogen broken down. However, this explanation is unlikely for the fol- 
lowing reasons. (1) The incorporation of such varied substrates as ace- 
tate, glucose, and fructose is inhibited to about the same extent. (2) 
Control experiments have shown that addition of non-labeled glucose to the 
medium increases rather than decreases the amount of radioactive acetate 
incorporated into fatty acids. This has also been found by Chernick and 
Chaikoff (7). (3) Liver slices with a high initial level of glycogen and, 
therefore, extensive glycogenolysis show a much greater ability to synthe- 
size fatty acids from acetate than do liver slices containing little glycogen 
(5). 

It is interesting that the action of the hyperglycemic factor appears to 
be similar to that of epinephrine. Both have been shown to stimulate the 
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breakdown of glycogen (1, 8), to inhibit partially the incorporation of ace- 
tate into fatty acids (3), and to increase ketone body production. 

Since carbohydrate metabolism and lipide metabolism are closely inter- 
related, the primary action of HGF may be on some phase of the metabo- 
lism of carbohydrate and the shift from synthesis to oxidation of fatty acids 
may be caused by the action of HGF on reactions providing energy for 
the synthesis of fatty acids. 

In general the experiments give further evidence that the hyperglycemic 
factor influences metabolic reactions and add support to the view that it 
plays a réle in the regulation of metabolism in the intact animal. 


SUMMARY 


Further observations are reported on the action of hyperglycemic-glyco- 
genolytic factor on the metabolism of fat by rat liver slices. In addition 
to acetate it was found that the utilization of radioactive glucose and fruc- 
tose for fatty acid synthesis was inhibited by this substance. It was also 
shown that HGF increased the formation of ketone bodies by rat liver 
slices, both in the absence of substrate and in the presence of acetate. 
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METABOLISM OF PHOSPHOLIPIDES BY BACTERIAL 
ENZYMES* 


By OSAMU HAYAISHIff anp ARTHUR KORNBERG{ 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, Bethesda, Maryland) 


(Received for publication, July 6, 1953) 


The hydrolysis of lecithin and cephalin at each of the four ester linkages 
by enzymes derived from plant, animal, and microbial sources has been de- 
scribed in numerous reports and reviewed recently by Zeller (2). However, 
relatively little work has been done on the systematic metabolic break- 
down of the complex phospholipide molecule by a single cell type. Schmidt 
et al. (3) have demonstrated that the degradation of lecithin by pancreas 
and other tissues leads to the accumulation of glycerophosphorylcholine, 
but the mechanism of this conversion, as well as the nature of the further 
metabolism of this product, remains to be clarified. 

We have studied the metabolism of phospholipides by a strain of Serratia 
plymuthicum isolated from soil by the enrichment culture technique. The 
results derived from the use of resting cell suspensions and partially puri- 
fied enzyme preparations obtained from these cells indicate the following 
sequence of reactions:! 


Lecithin 
\ 


L-a-glycerophosphorylcholine — 
Lysolecithin 
L-a-glycerophosphate + choline 


The formation of lysolecithin as an intermediate in the conversion of 
lecithin to GPC could not be established, owing to the excessive lysoleci- 
thinase activity of the lecithinase fractions. 

Cephalin appeared to be metabolized by a comparable mechanism in- 
volving glycerophosphorylethanolamine as an intermediate. 


* A preliminary report of this work was presented (1). 

t Special Research Fellow of the United States Public Health Service. 

t Present address, Department of Microbiology, Washington University School 
of Medicine, St. Louis, Missouri. 

1 The following abbreviations are used throughout the paper: GPC, glycerophos- 
phorylcholine; GPE, glycerophosphorylethanolamine; GP, glycerophosphoric acid. 
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Methods 


Materials—Egg yolk lecithin, used for enzyme studies, was purified ae- 
cording to Pangborn (4) and on analysis gave the following:? 


Found. C 66.09, H 8.10, N 1.86, P 4.18, N:P 0.99 
Pangborn. “toa, 6; * 188 


The choline content was determined directly from the lecithin-iodine 
complex (see below), and as free choline after release by acid (1 N HCl, 1 
hour at 100°) or by enzymatic hydrolysis. In a sample containing 08 
mg. of lecithin, 0.75 um was determined as a lecithin-iodine complex, and 
0.73 and 0.75 uM of choline were determined after acid and enzymatic hy- 
drolyses, respectively. These values, which represent only about 75 per 
cent of the theoretical, indicate that some impurity of inorganic nature or 
a compound similar to choline was present. Where lecithin has been used 


in these investigations, the determinations have depended solely on the | 


estimation of choline content. Lecithin emulsions were obtained by plac- 
ing a distilled water suspension in a Raytheon sonic oscillator, model 9 
KC, for 10 to 15 minutes at approximately 20°. Crude egg lecithin (used as 
a growth substrate), crude animal lecithin, and cephalin were products of 
the Nutritional Biochemicals Corporation. Lysolecithin was isolated from 
rice (5) or prepared by enzymatic hydrolysis of egg lecithin (6). 

Sphingomyelin, cardiolipin, and dipalmitoleyl-t-a-lecithin were kindly sup- 
plied by Dr. H. E. Carter, Dr. H. D. Piersma, and Dr. D. J. Hanahan, re- 
spectively. L-a-Dimyristoyllecithin and L-a-dimyristoylcephalin were ob- 
tained through the kindness of Dr. E. Baer. 

GPC was generously furnished by Dr. G. Schmidt, or prepared by his 
method (7). The choline content of the Schmidt preparation was 100 per 
cent of theory; that of our own was only 72 per cent, but the elementary 
analysis was approximately correct. The former sample was always used 


CsH22NPO;-2CdCl.. Calculated. C 14.97, H 3.46, N 2.18, P 4.83 
Found. “ 06.06, “ 3.38, “2:21, * 4.00 


in crucial experiments. GPE was a gift from Dr. E. Baer. 

The barium salt of pL-a-GP (8) was converted to the potassium salt by 
treatment with Dowex 50 (K*) resin. The organic P content was 83 per 
cent of theory, and the periodate consumption was 90 per cent of theory. 
Diphenyl phosphate was a product of The Dow Chemical Company. 

Particulate GP dehydrogenase was prepared from rabbit muscle accord- 
ing to Green (9). This preparation did not oxidize either 8-GP or p-a-GP. 


* Microanalyses in this paper were performed by the Microanalytical Laboratory 
of the National Institutes of Health under the supervision of Dr. W. C. Alford. 
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Determinations—Choline was determined routinely by the method of 
Appleton et al. (10). This method depends on the formation of an iodine 
complex which is insoluble in water but which in ethylene dichloride yields 
a solution with strong light absorption in the ultraviolet region. The sam- 
ple was treated with an equal volume of cold 3 per cent perchloric acid and 
centrifuged in the cold. Choline-containing substances, such as lecithin 
and lysolecithin, are found in this precipitate. 0.5 ml. of the supernatant 
fluid, containing 0.05 to 0.5 um of free choline, was treated with 0.2 ml. 
of iodine reagent (12.5 gm. of KI and 9.8 gm. of I, dissolved in water to 
250 ml.) and kept in an ice bath for 15 minutes. After centrifugation, the 
supernatant fluid was removed by aspiration, the precipitate dissolved in 
ethylene dichloride (reagent grade) to a volume of 10 ml., and the optical 
density determined at 365 my in a Beckman model DU spectrophotometer. 
The molar extinction coefficient, referred to choline, is approximately 2.7 
xX 104. 

This method for choline determination was also applied to the measure- 
ment of lecithin and lysolecithin. The sample, at neutral pH, was treated 
directly with iodine reagent. The insoluble lecithin-iodine complex was 
collected by centrifugation, dissolved in ethylene dichloride, and measured 
in the spectrophotometer. The lysolecithin-iodine complex, which remains 
soluble at neutral pH, may be precipitated by acidifying the sclution. The 
extinction coefficients appeared to be the same as that of the choline com- 
plex; the value obtained was corrected when necessary for free choline, 
determined as described above on an aliquot sample. 

Choline was also determined in a few instances by the reineckate method 
of Glick (11), which gave satisfactory agreement with the procedure de- 


| geribed above. 


Lysolecithin was also determined by the red blood cell hemolysis test 
of Bernheimer (12). Quantitative results were obtained only when the 
amount of lysolecithin was adjusted within the narrow range of 0.15 to 
0.25 um; similar results have been reported by Collier (13). The hemolysis 
test applied to egg and rice lysolecithin preparations gave results in good 
agreement with those from the choline analyses. 

GPC, which is not determined in the choline estimation by the iodine 
method, was estimated in the perchloric acid supernatant fluid as free 
choline which appeared after acid (100° in 1 Nn HCl for 20 minutes (14)) or 
enzymatic hydrolysis (see below). Both methods of hydrolysis released 
equivalent amounts of choline. 

Ethanolamine was determined by an unpublished method of Axelrod and 
Brodie? To 2.0 ml. of sample (pH 7.0 to 8.0) containing 0.25 to 1.0 um 


+ Personal communication. We should like to thank Dr. B. B. Brodie and Dr. J. 
Axelrod for making available to us their unpublished methods. 
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of ethanolamine were added 0.5 ml. of 5 per cent NaHCO; solution and 0, 
ml. of dinitrofluorobenzene solution (0.1 ml. of dinitrofluorobenzene diluted 
to 2.0 ml. with 95 per cent ethanol). The mixture was incubated at about 
80° for 1 hour in stoppered test-tubes. After the solution was cooled, § 
ml. of chloroform were added, and the mixture was vigorously shaken for 
10 minutes in a mechanical shaker and centrifuged. The upper layer was 
removed by aspiration, and 5 ml. of the chloroform layer were transferred 
to a glass-stoppered container, to which were added 30 ml. of petroleum 
ether (b.p. 30-60°) and 4 ml. of 6N HCl. The mixture was shaken many. 
ally for several minutes, and the optical density of the bottom aqueous 
layer was determined at 420 my in the spectrophotometer. 1.0 um of eth- 
anolamine gave a density reading of approximately 1.0 in a cell of 1 em. 
light path. 

Protein and phosphorus were determined by the methods of Lowry et al, 
(15) and Fiske and Subbarow (16), respectively. 

Periodate titrations were performed by Jackson’s method (17) modified to 
a micro level. a-GP was determined according to Burmaster (18). 

Isolation and Properties of Organism—The organism was isolated from 
soil by the enrichment culture technique on a medium containing 0.1 per 
cent GPC, 0.1 per cent Difco yeast extract, 0.15 per cent KzHPO,, 0.05 
per cent KH2PO,, and 0.02 per cent MgSO,-7H,0 in distilled water. De- 
tails of the isolation technique were previously described (19). Four 
strains were isolated; one which produced red pigment and liberated free 
choline when grown in a lecithin-containing medium was used throughout 
this study. 

The organism is a small aerobic rod, gram-negative, non-motile, and non- 
acid fast. Under aerobic conditions, it produces a bright red pigment 
which is soluble in alcohol but only slightly soluble in water. It does not 
decompose alkylamines; it produces a small but definite amount of gas 
when grown on dextrose and forms acetylmethylearbinol. From these 
observations, the isolated organism has been tentatively classified as a 
strain belonging to S. plymuthicum according to Bergey’s manual (20). 

Cultivation of Organism and Preparation of Crude Enzyme Fractions— 
Cells were grown in.the above medium with the addition of lecithin (0.2 
per cent) but lacking GPC. The lecithin was dissolved in ether, sterilized 
separately by filtration, and poured into the hot medium. Ether was re- 
moved by mechanical shaking while the whole medium was hot. The cells 
were cultivated in 20 liter glass carboys containing 10 liters of the medium 
at about 26° for 16 hours with constant, reciprocal shaking. The cells were 
harvested by centrifugation in a Sharples supercentrifuge, washed once 
with a 0.5 per cent NaCl-0.5 per cent KCl solution, and frozen. At —10°, 
cells retained their activity for at least 6 months. The yield of cells was 
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approximately 4 gm. (wet weight) per liter of medium in a large scale cul- 
ture and 6 to 10 gm. per liter in smaller scale cultures. 

Cell-free extracts were prepared by the method of MclIlwain (21). 
Washed cells were ground in a mortar with 4 times their weight of alumina 
(Aleoa A-301) at O° for 5 minutes. The cell paste was extracted with 10 
parts of glycylglycine buffer (pH 9.0, 0.02 m); the whole slurry was centri- 
fuged at 0° at about 6000 X g for 15 minutes. The supernatant fluid was 
a slightly turbid suspension of cell fragments and contained a negligible 
number of intact cells. This preparation, referred to as “bacterial ho- 
mogenate,” contained 3.5 to 4.0 mg. of protein per ml. 

The homogenate was centrifuged in a Spinco centrifuge model L (rotor 
No. 40) at 110,000 & g for 1 hour. The clear upper layer, representing 
about 90 per cent of the fluid, was removed with a syringe; the turbid fluid 
layer overlaying the residue was discarded. The residue was washed once 
with a volume of glycylglycine buffer equal to that of the original homoge- 
nate by centrifuging at 110,000 x g for 1 hour, and resuspended in the 
same volume of buffer. The clear supernatant fluid and the washed resi- 
due, referred to as Fractions § and R, contained approximately 2.2 and 
1.3 mg. of protein per ml., respectively. 

Assay of Lecithinase—The assay was based on the rate of choline libera- 
tion from purified egg lecithin in the presence of Fraction R or 8 as a source 
of lysolecithinase (see below) and an added excess of purified GPC diester- 
ase (see below). The test system contained 1 um of lecithin, 10 um of po- 
tassium phosphate buffer (pH 7.0), and 0.1 ml. of crude Fraction 8S (when 
Fraction R was assayed), or 0.1 ml. of crude Fraction R (when Fraction § 
was assayed), 0.05 ml. of purified GPC diesterase (25 units), and water to 
a total volume of 0.4 ml. Incubation was carried out at 25° for 1 hour. 
Under these conditions the rate of reaction was proportional to the enzyme 
concentration. 

Assay of Lysolecithinase—The assay was based upon the rate of choline 
liberation from lysolecithin in the presence of an added excess of purified 
GPC diesterase. The test system contained 1 yum of lysolecithin, 10 um of 
phosphate buffer (pH 7.0), 0.05 ml. of purified GPC diesterase (25 units), 
lysolecithinase, and water to a total volume of 0.4 ml. The incubation 
was carried out at 25° for 30 minutes. 

Assay of GPC Diesterase—The test system contained 0.2 ml. of GPC 
(0.02 m, pH 7.0), 0.1 ml. of glycylglycine buffer (0.2 m, pH 8.85), and 0.1 
ml. of enzyme. After 10 minutes at room temperature (25-27°), the reac- 
tion was stopped by the addition of 0.4 ml. of perchloric acid (6 per cent) 
and free choline was determined in a 0.2 ml. aliquot. A unit of enzyme 
was defined as the amount hydrolyzing 1 um of GPC during a 1 hour inter- 
val under these conditions, and the specific activity was defined as units 
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per mg. of protein. With about 1 unit of enzyme in this test system, the 
reaction was linear for more than 1 hour. With a crude, cell-free extract, 
proportionality between rate and the amount of enzyme was obtained be. 
tween 0 and 4 units, whereas with purified enzyme preparations propor. 
tionality was observed between 0 and 10 units; this suggests the presence 
of an inhibitor in crude extracts. As will be shown under “Results,” sey. 
eral metal ions were found to be inhibitory; the inhibition at high enzyme 
concentration could, therefore, be due to metal impurities in the crude 
enzyme preparations. 


TABLE I 
Adaptive Nature of Organism 

The incubation mixtures (at 26°) contained 1 um of each substrate, 20 uM of each 
buffer, and about 0.15 mg. of protein in a total volume of 0.4ml. The pH and buffers 
were as follows: lecithin (acetate, pH 5.7), lysolecithin (acetate, pH 6.3), GPC (gly- 
cylglycine, pH 8.9), choline (phosphate, pH 7.0). Lecithin and choline were incu. 
bated for 1 hour; lysolecithin and GPC were incubated for 10 minutes. The values 
represent the micromoles of substrate decomposed calculated for a 10 minute incy- 
bation period and 1 mg. of protein. 





Cell suspension Cell homogenate 


Substrates : . > 








| — Broth medium — Broth medium 
| ap ceri pemcaeie a alan 0.005 0.0022 | 0.033 | 0.003 
SIMI. a aivis cose shua des ded 0.310 0.047 0.515 0.038 
es Re ae ieteens 0.105 0.077 0.176 0.034 
RE. ht wiacs a kaahs ions 0.000 0.000 | 0.000 0.000 
Results 


Adaptive Nature of Organism—The activities toward lecithin, lysoleci- 
thin, GPC, and choline of cells grown on a lecithin-containing medium and 
on ordinary broth were compared with both resting cell suspensions and 
broken cell preparations. As shown in Table I, the values were 5 to 14 
times greater with extracts from lecithin-grown cells; similar results were 
also observed with the resting cell suspensions. Lysolecithinase activity 
was by far the most potent of the activities tested. Choline was observed 
to accumulate in lecithin-containing culture media, and no choline-remov- 
ing activity was detectable with any of the preparations. The failure to 
utilize choline explains an observed requirement for yeast extract as a 
source of nitrogen and perhaps other nutrients as well. 

Phosphorylcholine was not converted to choline by the intact or broken 
cell preparations; this suggests that this compound is not an intermediate 
in the formation of choline from lecithin. 
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Metabolism of Lecithin and Lysolecithin 


Lecithin Breakdown—-When purified egg lecithin was incubated with the 
bacterial homogenate, choline was liberated at a rapid rate, but no signifi- 
cant amounts of lysolecithin or GPC accumulated. With Fraction R or 
Fraction S alone, the removal of lecithin and the appearance of chcline 
were either absent or very slow, but, with Fractions R and S$ combined, 
as rapid a disappearance of lecithin and formation of choline were observed 
as with the original homogenate (Fig. 1). 

Heating of the bacterial homogenate (at 97° for 5 minutes at pH 9.0) 
did not significantly reduce its ability to remove lecithin, but decreased the 


METABOLISM OF LECITHIN 
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Fic. 1. Lecithin metabolism. The incubation mixtures contained 0.6 ml. of 
lecithin (0.01 m), 0.3 ml. of 0.5 m acetate buffer, pH 5.6, and 0.1 ml. of Fraction S 
(1.3 mg. of protein) or 0.1 ml. of Fraction R (0.7 mg. of protein), as indicated, in a 
final volume of 2.4 ml. The incubation was at 26°. L = lecithin; C = choline. No 
lysolecithin or GPC was detected throughout the incubation period. 


liberation of free choline and led to the accumulation of GPC (Table II). 
The presence of Mg**, which inhibits the breakdown of GPC (see below), 
further depressed the formation of free choline by the heated preparation 
(Table IT). 

Attempts to demonstrate the formation of a lysolecithin as an inter- 
mediate in the conversion of lecithin to GPC did not succeed, presumably 
as a result of the relatively high activity of lysolecithinase. Unlike a lyso- 
lecithinase of animal origin (22), which was rather heat-labile as compared 
with the accompanying lecithinase, the bacterial enzymes were both heat- 
stable. Heating of the bacterial homogenate at 100° for 10 minutes at pH 
7.0 caused only a 50 to 80 per cent inactivation of both lysolecithinase and 
lecithinase. 

Lysolecithin Breakdown—When lysolecithin was incubated with either 
Fraction S or Fractions R and §, a rapid release of free choline was observed 
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without any appreciable accumulation of GPC (Fig. 2). Incubation with 
Fraction R alone, however, resulted in only a slight liberation of free cho. 
line, although the rate of lysolecithin removal was undiminished. GPC 
accumulated instead of choline to an extent approximating the lysolecithin 
that had disappeared (Fig. 2). As in the case of lecithin breakdown, heat- 


TABLE II 
Accumulation of GPC As Intermediate in Lecithin Breakdown 
The incubation mixtures contained 1 uM of lecithin, 25 um of acetate buffer (pH 
5.7), and enzyme (0.6 mg. of protein) in a total volume of 0.4 ml. The incubation 
was for 2 hours at 25°. 


Enzyme preparation 
Substrate | - 
aii ssciiaie iia Heated homogenate 
Homogenate Heated homogenate + 0.04 « Mg 


uM uM uM 


Choline........ errr eeyCe Te 0.575 0.128 0.032 


Cee ares Serr re 0.000 0.457 0.506 


METABOLISM OF LYSOLECITHIN 





FR.R+S 








TIME, HOURS 


Fig. 2. Lysolecithin metabolism. The conditions were the same as those de- 
scribed in Fig. 1, except that 0.6 ml. of lysolecithin (0.01 m) was used instead of 
lecithin. LL = lysolecithin; C = choline. 


ing of Fraction S (at 100° for 5 minutes) also limited the reaction to the 
formation of GPC. Thus with 0.1 ml. of unheated Fraction S (incubated 
with 1 ua of lysolecithin and 5 uM of glycylglycine buffer, pH 8.5, in a vol- 
ume of 0.4 ml. for 2 hours at 26°), 0.442 and 0.018 uM of choline and GPC 
respectively, were formed; with heated Fraction 8, 0.025 and 0.461 ym of 
choline and GPC, respectively, were produced. 

Specificity of Reaction—Since both Fractions R and $8 were required to 
initiate lecithin degradation, but either Fraction R or S alone degraded 
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lysolecithin, it might be assumed that the liberation of an unsaturated fatty 
acid from lecithin was more complicated than the release of a saturated 
fatty acid. However, this assumption is not supported by the observation 
that dipalmitoleyllecithin, which has two unsaturated fatty acids, was 
readily attacked by either Fraction R or 8 alone; when both fractions were 
combined, the activity was merely additive (Table III). Dimyristoylleci- 
thin was attacked by Fraction S but only slightly by Fraction R. 

Crude animal lecithin was metabolized either by Fraction S or R, al- 
though at a somewhat slower rate than was egg lecithin, and the combined 
activities of Fractions S and R were almost additive. 


TaB_e III 
Specificity of Lecithinase 
The reaction mixtures contained 1 um of each substrate, 5 um of acetate buffer 
(pH 5.7), and 0.15 ml. of Fraction S or 0.15 ml. of Fraction R, as indicated, in a total 
volume of 0.4 ml. The incubation was carried out at 26° for 2 hours. The values 
represent the sum of free and acid-labile choline or ethanolamine and are expressed 
as micromoles. 


Enzyme preparation 


Substrate —e in 
Fraction R Fraction S Fractions S + R 
Lecithin (egg)... ..... cote 0.021 0.120 0.582 
Dipalmitoleyllecithin. . .. nee 0.502 0.296 0.760 
Dimyristoyllecithin. . . = 0.001 0.104 0.139 
Lecithin (animal) ae eS EN | 0.275 0.168 0.390 
Cephalin 5 a 4 0.037 
Dimyristoylcephalin.... 0.176 
Sphingomyelin 0.000 


Ethanolamine was shown to be liberated from cephalin, although at a 
much slower rate when crude animal cephalin was used as a substrate. 
However, when dimyristoyllecithin and dimyristoylecephalin were com- 
pared, the amounts of choline and ethanolamine released were of about the 
same order of magnitude. 

Under the test conditions no free choline was released from phosphoryl- 
choline and sphingomyelin. Attempts to adapt this organism by growing 
it in the presence of sphingomyelin were unsuccessful; the growth was poor 
and there was no liberation of free choline into the medium. 

Cardiolipin was not metabolized by the whole bacterial homogenate. 
Cleavage of the diester linkages would have released phosphate monoester 
groups which, in the presence of added monoesterase (from human semen),! 


‘Human semen was fractionated with ammonium sulfate, and a fraction collected 
between 0.5 and 0.8 saturation was used after dialysis. 
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should have resulted in the appearance of inorganic phosphate, but none 
was detectable. 

Purification and Metal Requirements of Lecithinase—Fraction R was made 
soluble by butanol treatment according to Morton (23). To 5 ml. of the 
chilled suspension was added 0.5 ml. of n-butanol with constant mechanical 
stirring. After 5 minutes at 0°, the mixture was centrifuged in a Servall 
angle centrifuge (SS-1) at 13,000 r.p.m. for 30 minutes. Almost 100 per 
cent of the activity remained in the supernatant fluid if Ca** was added 
to the incubation mixture; prior to butanol treatment, the activity was 
completely sedimented under these conditions. The supernatant fluid 
was dialyzed against 0.01 m K,HPO, at 3° for 4 to 6 hours (until the odor 
of butanol was no longer detectable). Excessive dialysis led to inactiva- 


TABLE IV 
Effect of Ca** on Lecithinase 
The assay was carried out as described under ‘‘Methods”’ except that GPC di- 
esterase was omitted. The protein content of Fraction R before butanol treatment 
was 1.7 mg. per ml.; after butanol treatment the preparation contained 0.62 mg. per 
ml., and after dialysis 0.52 mg. per ml. 





Choline liberation,* um 


| 
Steps | _ — \~ ‘ 
No Ca** 0.01 mu Ca** 
_ eS eee ee re 7 saceetint 
Fraction R............. Pe ee df 0.083 0.138 
en a 0.044 0.142 


a | 0.003 0.095 





* The values represent the sum of free and acid-labile choline. 


tion of the enzyme. This preparation contained 80 to 100 per cent of the 
original activity and only 25 to 30 per cent of the protein. (Additional 
purification (2- to 4-fold) was obtained by fractionation between ammo- 
nium sulfate saturations of 30 and 50 per cent; but this latter step was not 
used routinely because yields of less than 30 per cent were obtained when 
the removal of butanol in the previous step was incomplete.) An almost 
obligatory requirement for Ca*+*+ was observed at this stage (Table IV). 
The saturation level was reached with 0.01 m Ca**, and inhibitory effects 
were observed at concentrations above 0.02 Mm. Mgt+ and Mnt+ had no 
demonstrable effect. 

Fraction S was purified by adsorption on calcium phosphate gel and elu- 
tion with 0.5 mM dipotassium phosphate. After such treatment, the enzyme 
was observed to lose activity by passage through a Dowex 50 (K*) col- 
umn, while treatment with Dowex 1 (formate) resulted in little loss of 
activity, although most of the protein was removed. 
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On the basis of these observations, various metal ions were tested. Fet++ 
was found to be the most effective in substituting for Fraction S (Table V), 
while Fe+*+* was inactive. The saturation level of Fe+*+ was at about 0.01 
m. Unlike the action of untreated Fraction 8, which (in the presence of 
Fraction R) can lead to the complete degradation of the lecithin substrate, 
the action of either gel-treated Fraction S or Fet* (in the presence of Frac- 
tion R) ceased after only 20 to 30 per cent of the substrate was removed, 
although the rate of the reaction is comparable to or even greater than the 
rate with Fraction 8. 


TABLE V 
Effect of Various Metal Ions on Lecithinase Action of Fraction R 
The test system contained 0.5 uM of lecithin, 25 um of glycylglycine buffer (pH 
7.4), 5 um of CaCle, 0.1 ml. of Fraction R, and 5 um of metal ions, as indicated, in a 
total volume of 0.5 ml. The incubation was carried out for 1 hour at 38°. With 
0.1 ml. of Fraction S, 0.096 um of choline was liberated under the same conditions. 











st Sa | st | ns 
None | 0.02 | Fe(NH,)2(SO,)2 | 0.140 
MgCl: | 0.043 | FeCl: | 0.145 
MnCl; | 0.048 | FeCl; | 0.017 
CuCl, | 0.078 | CoCl: | 0.046 
FeNH,(SO,)2 | 0.032 | ZnCl, 0.036 





* The values represent the sum of free and acid-labile choline. 


Metabolism of GPC 


Purification of GPC Diesterase—To each 100 ml. of the crude cell-free 
extract (homogenate) were added 31.5 gm. of (NH,4).SO,. After 30 min- 
utes at 0°, the precipitate was centrifuged and 30 gm. of (NH,)2SO, were 
added to the supernatant fluid. The precipitate was collected by centrifu- 
gation and dissolved in 50 ml. of glycylglycine buffer (0.02 m, pH 9.0) 
(Ammonium Sulfate I, Table VI). A 2-fold increase in activity at this 
stage was probably due to the removal of metallic inhibitors in the crude 
extract. 

To each 50 ml. of Ammonium SulfateI were added 18.2 gm. of (NH4)2SO,. 
The precipitate was centrifuged and to the supernatant fluid were added 
6.5 gm. of (NH,).SO,. The precipitate, collected by centrifugation, was 
dissolved in 10 ml. of glycylglycine buffer (0.04 m, pH 9.0) (Ammonium 
Sulfate II, Table VI). 

To 9 ml. of Ammonium Sulfate II in a 0° bath were added 1 ml. of 1 m 
sodium acetate and then 6.5 ml. of acetone (— 10°) dropwise with mechani- 
cal stirring. After standing for 5 minutes, the precipitate was removed by 
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centrifugation, and 4 ml. of acetone were added to the supernatant fluid, 
After 5 minutes at 0°, the precipitate was collected by centrifugation and 
dissolved in 4 ml. of 0.01 m K,sHPO;, (acetone, Table VI). 

Stability of Enzyme—The purified preparations were stored at — 10° for 
at least 6 months without any appreciable loss of activity. Heating the 


TaBLe VI 
Purification of GPC Diesterase 











Fraction Total activity Specific activity 
units units per mg. protein 
Crude extract eee Tee oe P 4,500 | 24 
Ammonium Sulfate I................ ae 10, 200 437 
“ gt Aint ecards 5,000 | 1135 
Acetone... riche gious eis eae bends aca os aiaracs 3,850 | 5600 





TaBLe VII 
Balance Study of GPC Hydrolysis 
The incubation mixture contained 100 um of GPC, 100 um of glycylglycine buffer 
(pH 8.85), and 0.12 mg. of enzyme protein (1100 units per mg. of protein) in 2.0 ml. 
of water. The incubation was at 26° for2 hours. The values are expressed in miero- 
moles. 














Choline 
Stee Periodate a-Glycero- L-a-Glycero- 
" a Gee ee titration phosphate” phosphatet 
Iodine complex Reineckate 
0 0 0 97.0 93.6 0 
2 101 93 97.0 94.0 105 
A +101 +93 0.0 +0).4 +105 


* Burmaster method which involves the estimation of acid-labile phosphate (1 
hour in 1 nN HCl at 100°) after periodate oxidation. 
t Assay with L-a-glycerophosphate dehydrogenase. 


enzyme preparations at pH 9.0 for 5 minutes at 50°, 75°, or 100° destroyed 
15, 95, or 100 per cent of the activity, respectively. 

Products of GPC Breakdown—The enzymatic breakdown of GPC re- 
sulted in the production of L-a-glycerophosphate and choline in equimolar 
amounts equivalent to the GPC metabolized (Table VIT). Choline deter- 
mined by two different methods yielded similar results. The values ob- 
tained by periodate titration and Burmaster’s method, in which a-GP and 
GPC cannot be differentiated, showed no change. Specific enzymatic as- 
say of L-a-GP indicated reasonable agreement with the theoretical value. 
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It is significant that the enzymatic hydrolysis of lecithin, unlike alkaline 
hydrolysis, yields only the a form of GP. 

Substrate Specificity of GPC Diesterase--GPE was the only substrate be- 
sides GPC among a group of choline-containing phosphate diesters which 
was split by the enzyme preparation at a rate comparable with the splitting 
of GPC. Under test conditions, which resulted in the release of 1 um of 
choline from GPC in 60 minutes, there was no detectable choline release 
from purified egg lecithin, lysolecithin, animal lecithin, sphingomyelin, 











a a Sa ! 1 


= 





3 7 9 

\/s 

Fic. 3. Influence of substrate concentration (S) on rate of reaction (V), with 
and without competitive inhibitors. The incubation mixtures contained 0.1 ml. of 
0.2 m glycylglycine buffer, pH 8.9, 0.1 ml. of GPC diesterase (ammonium sulfate 
Fraction II, 12.4 y of protein), 2 um of inhibitors and substrates, as indicated, in a 
total volume of 0.4 ml. The incubation was carried out at 26° for 10 minutes. 


dipalmitoleyllecithin, or dimyristoyllecithin in a 120 minute incubation 
period. 

Non-choline-containing phosphate diesters, except GPE, did not appear 
to be attacked. Diphenyl phosphate released neither phenol nor phos- 
phate monoester groups (determined by subsequent treatment with human 
semen phosphatase) in the presence or absence of Mg** (0.01 m) at pH 8.9. 
Dipheny! phosphate (0.005 m) inhibited GPC splitting by 15 per cent. 
Splitting of yeast ribonucleic acid and of polynucleotides resistant to 
ribonuclease action was tested by the method of Kunitz (24).° Less than 
1 per cent of the rate of GPC splitting was found with either substrate in 
the presence or absence of Mg++ (0.03 m). 


’ These tests were carried out in collaboration with Dr. L. A. Heppel. 
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A slight contamination with monoesterase activity was present in the 
purified preparations. Only trace amounts of inorganic phosphate wer 
released from a-GP (at the rate of 0.2 per cent of the rate of GPC splitting), 
Adenosine-5-phosphate was hydrolyzed at about 3 per cent of the rate of 
GPC splitting; however, this activity, in contrast to that of GPC diesterase 
(see below), was not inhibited by Mgt+ (0.01 m) but rather increased 2-fold. 

Influence of Substrate Concentration; Identity of GPC and GPE Diesterag 
—Lineweaver-Burk plots (25) of the hydrolysis rates at varying GPC and 
GPE concentrations are shown in Fig. 3. From these curves Michaelis 
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Fig. 4. Rate of enzymatic hydrolysis of GPC and GPE as a function of pH. The 
standard assay conditions were employed with 0.05 ml. of ammonium sulfate Frac- 
tion II containing 6.22 y of protein. The buffersemployed (0.05 m) were acetate (pH 
4.2), phosphate (pH 6.2), glycylglycine (pH 7.7, 8.2, 8.9) and glycine (pH 9.2, 98, 
10.5). 


constants of 1.2 X 10-* and 2.5 X 10-* m were calculated for GPE and 
GPC, respectively. GPE and GPC were observed to be competitive in- 
hibitors of GPC and GPE splitting, respectively. The dissociation con- 
stants of the inhibitor-enzyme complex® were calculated to be 2.4 x 10° 
M for GPE and 1.8 X 10-*mforGPC. These results are taken as an indi- 
cation that a single enzyme is responsible for the hydrolysis of GPC and 
GPE. 

Influence of pH and Metal Ions—Maximal activity for the splitting of 


°K; = (Ks(I/Ks + S))/((v — v;)vz). Kg, dissociation constant of enzyme-sub- 
strate complex; K;, dissociation constant of enzyme-inhibitor complex; S, concen- 
tration of substrate; J, concentration of inhibitor; v, velocity; vz, velocity in the 
presence of inhibitor. 
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both GPC and GPE was observed in the range pH 8 to 9 (Fig. 4). Ata 
concentration of 0.001 m, Mg** and Mn?** inhibited GPC splitting by more 
than 90 per cent and Zn** inhibited the rate by about 60 per cent. Ethyl- 
enediaminetetraacetate (0.0001 m) inhibited GPC splitting by 91 per cent, 
but this inhibition could not be overcome by any metals tested nor did 
prolonged dialysis against water reduce the activity of the enzyme. 


DISCUSSION 


These results demonstrate that GPC is an intermediate in the release of 
choline from lecithin and lysolecithin. While proof is lacking that lyso- 
lecithin is the intermediate in the conversion of lecithin to GPC, this is 
strongly suggested by the 14-fold greater lysolecithinase activity of leci- 
thin-grown cells than of broth-grown cells. The very high content of lyso- 
lecithinase activity in these extracts relative to their lecithinase content is 
adequate to explain the failure to accumulate lysolecithin. Monsour and 
Colmer (26) recently reported the formation of choline from egg yolk by a 
number of strains belonging to the genus Serratia. They attributed the 
reaction to a lecithinase C activity by which, as demonstrated with certain 
plant tissues (27), choline is split directly from lecithin to yield phospha- 
tidic acid as the other product. Our study of lecithin metabolism in S. 
plymuthicum suggests another interpretation of Monsour and Colmer’s 
findings. 

From an investigation of the mechanism of the lecithinase action of pan- 
creas preparations, Shapiro (28) concluded that the primary reaction was a 
transfer rather than hydrolysis of a fatty acid ester linkage. While the 
over-all result observed in our bacterial system is the hydrolysis of both 
fatty acid ester bonds, it has not been excluded that a transfer reaction 
involving an unstable intermediate is involved. Further purification of the 
bacterial lecithinase is needed to resolve this question. 

It has generally been assumed that the action of lecithinase A is to split 
only the ester linkage with the unsaturated fatty acid (2). From the pres- 
ent investigation, it is apparent that a fully saturated lecithin (dimyristoyl- 
lecithin) and an unsaturated one (dipalmitoleyllecithin) are both attacked 
at comparable rates. Although it cannot be inferred from these results 
that a single enzyme is responsible for these several activities, it is never- 
theless clear that such activities do exist. With the availability of these 
highly purified and well characterized lecithins, it should become possible 
to establish whether the a- or 8-fatty acid ester linkage is the primary and 
exclusive site of attack. 

Belief in the existence of naturally occurring 8-lecithin (which yields 
8-glycerophosphate on chemical hydrolysis) has been virtually abandoned 
as the result of the work of a number of investigators. Particularly note- 
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worthy are the recent contributions of Baer and Kates (29) demonstrating 
that the synthetic a-lecithins also yield 6-glycerophosphate under the con. 
ditions employed for the hydrolysis of naturally occurring lecithin. The 
present work adds further confirmation by specifically identifying 1-a- 
glycerophosphate as the exclusive product of the bacterial metabolism of 
egg lecithin. 


SUMMARY 


1. The metabolism of certain phospholipides has been studied with en- 
zyme preparations from a strain of Serratia plymuthicum. This organism 
was isolated by enrichment culture on a medium containing glycerophos- 
phorylcholine (GPC) and was routinely grown on a lecithin-yeast extract 
medium. 

2. Extracts from cells cultured on lecithin released free choline from 
lecithin, lysolecithin, and GPC at a rate 5 or more times greater than that 
obtained with extracts from broth-grown cells. 

3. Heat-treated extracts split lecithin and lysolecithin with the accumu- 
lation of GPC. Fractionation of the extract by high speed centrifugation 
yielded residue (R) and supernatant (S) fractions, both of which were essen- 
tial for the splitting of lecithin. Fraction R was made soluble by butanol 
treatment, partially purified, and shown to require Ca++. Fraction S was 
replaced by Fet** to a limited extent. Lysolecithinase activity was present 
in both Fractions R and 8. The action of these enzyme preparations on 
saturated and unsaturated lecithin, cephalin, and other related compounds 
has been studied. 

4. An enzyme hydrolyzing GPC to L-a-glycerophosphate and choline, 
named GPC diesterase, has been partially purified. Kinetic data indicate 
that glycerophosphorylethanolamine (GPE) is also a substrate for this 
enzyme. 

5. These results suggest the following pathway for the bacterial metabo- 
lism of lecithin (or cephalin): Lecithin and lysolecithin are converted to 
GPC, which is then split into Lt-a-GP plus choline. Cephalin is metabo- 
lized to L-a-GP and ethanolamine by way of GPE. 
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THE BIOSYNTHESIS OF HYALURONIC ACID BY GROUP A 
STREPTOCOCCUS 


Il. ORIGIN OF THE GLUCURONIC ACID* 


By SAUL ROSEMAN, JULIO LUDOWIEG, FRANCES E. MOSES, 
AND ALBERT DORFMAN 


(From the Departments of Biochemistry and Pediatrics, University of Chicago, and 
La Rabida Jackson Park Sanitarium, Chicago, Illinois) 


(Received for publication, August 18, 1953) 


In a previous publication from this laboratory (1) it was demonstrated 
that a strain of group A streptococcus serves as a convenient test organism 
for the study of the biosynthesis of the mucopolysaccharide, hyaluronic 
acid. Methods were described for obtaining hyaluronic acid of high ana- 
lytical purity following growth of strain A111 of this microorganism on a 
semisynthetic medium. By use of 1-C"-glucose it was possible to demon- 
strate that the glucosamine portion of hyaluronic acid arises from glucose 
without disruption of the carbon skeleton. When the total radioactivity 
of the isolated portions of the hyaluronic acid molecule (glucosamine, 
acetyl, and Cz of glucuronic acid) was compared with the radioactivity of 
the analytically pure, undegraded hyaluronic acid, it was apparent that a 
substantial portion of the hyaluronic acid radioactivity was present in 
C-1 to C-5 of the glucuronic acid. The magnitude of this activity was 
equal to the activity of the C-1 of the glucose incorporated into the medium. 
These results were consistent with the concept that glucuronic acid arises 
from glucose without scission of the carbon chain. In view of the fact, 
however, that carbons 1 to 5 of glucuronic acid were not isolated, the pos- 
sibility remained that the activity unaccounted for was distributed among 
the 5 carbon atoms. 

The origin of glucuronic acid in animal tissues has been a subject of 
interest over a number of years and has received considerable attention 
recently. Mosbach and King (2) concluded that glucuronic acid probably 
arises directly from glucose on the basis of experiments utilizing uniformly 
labeled glucose in guinea pigs which were fed borneol. Similar inferences 
were drawn by Eisenberg and Gurin (3) as a result of studies in which 
1-C'-glucose wasemployed. Although Bidder (4), utilizing liver slices, also 
found evidence of direct conversion of 1-C-glucose, the finding of asym- 
metric incorporation of C™ from 3-C"-lactate influenced him to suggest 


* Aided by grants from the National Heart Institute, National Institutes of 
Health, United States Public Health Service, the Helen Hay Whitney Foundation, 
and the Variety Club of Illinois. 
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that glucuronic acid may arise by condensation of a triose formed from 
lactic acid with another triose formed from the first 3 carbon atoms of 
glucose. The possibility, previously suggested, that glucuronic acid arises 
from 3-carbon particles has again been advanced by Doerschuk (5) since 
he observed the incorporation into borny] p-glucuronide of C' given as 
1-C'*-glycerol. 

A convenient way of testing the hypothesis of Bidder and more firmly 
establishing the theory of the conversion of glucose to glucuronic acid is the 
use of 6-C'*-glucose in the system previously described by us. It is the 
purpose of this communication to describe such experiments. In the course 
of these, confirmatory evidence for the conversion of glucose to glucosamine 
was also obtained. After preliminary publication of these data (6), Doug- 
las and King (7) reported experiments with 1-C-glucose and 6-C-glucose 
in borneol-fed guinea pigs, which also indicate conversion of glucose to 
glucuronic acid without previous scission of the molecule. 


Methods 


6-C“-Glucose, prepared by a modification of the method of Sowden 
(8, 9), was incorporated into a semisynthetic medium in which strain A111 
of group A streptococcus was grown. The medium, methods of growth, 
and isolation of hyaluronic acid, glucosamine, and medium acetic and 
lactic acids were identical with those previously described (1, 10). 

The purified hyaluronic acid was hydrolyzed with 4 N HCl, and the CO, 
resulting from the decarboxylation of carbon 6 of the uronic acid was col- 
lected as BaCO;. Degradation of glucosamine and the benzimidazole 
derivative of the medium lactic acid was carried out only in one experi- 
ment. 

Degradation of Glucosamine—Glucosazone (I), prepared from glucosamine, 
was converted to glucosotriazole (II), which was then degraded, as indi- 
‘ated in the accompanying scheme, by oxidation with HIO, according to 
the procedure of Hann and Hudson (11). 

The use of Amberlite MB-2 for deionization of the water-isopropy! al- 
cohol mother liquors increased the yield of osotriazole from osazone to 
81 per cent, and the entire degradation was performed, starting with 95 mg. 
of glucosamine hydrochloride. The final products were 2-phenyl-4-formyl- 
osotriazole (containing carbons 1 to 3), formaldehyde (C-6, isolated as the 
dimedon derivative), and formic acid (C-4 and C-5, converted to CO, (12)). 

All compounds were burned and counted in a Q gas internal counter, 
the results being expressed as counts per minute at “infinite thickness.” 


Results 


The data obtained from two experiments are given in Table I. It will 
be noted that the radioactivity of the CO, obtained by decarboxylation 
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of hyaluronic acid (representing C-6 of the glucuronic acid moiety) cor- 
responds closely to that of the C-6 of the glucose of the medium. These 
data would seem to indicate conclusively that the glucuronic acid portion of 
hyaluronic acid arises from glucose without previous scission of the carbon 
chain. The possibility raised by Bidder (4) that only the first 3 carbon 
atoms derive from glucose is inconsistent with these results. The findings 
are in agreement. with the conclusions of Eisenberg and Gurin (3), Mosbach 
and King (2), and Douglas and King (7) on the origin of glucuronic acid 
in the mammal. 

These experiments afforded a further opportunity to test the conclusion 
of our previous study, that glucosamine also arises from glucose without 
splitting of the glucose chain. That this is the case is supported by the 
finding that the radioactivity of the C-6 of glucosamine is comparable to 
that of the C-6 of the original glucose. 
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It is of some interest to note that in both experiments the activity of the 
glucosamine conforms more closely to that of the glucose than does that of 
the glucuronic acid. Whether this difference is significant and represents 
the existence of some other pathway of glucuronic acid synthesis is not 
clear at present. 

Studies of the isotope distribution in the medium lactic and acetic acids 
had previously suggested that these acids arise primarily from a 3:3 
split of glucose (1). Isolation of the appropriate derivatives in this study 
yields further confirmatory evidence for this conclusion. 


TABLE I 
Distribution of Radioactivity in Isolated Compounds 








Radioactivity 














Compound Carbon atom <7 e 
Experi- Experi- 
| ment 1 ment 2 
| 
| C.p.m. | C.p.m. 
I IN 5 Nick heiwid ss cwbawseis eeu | C-1 to C-6 | 928 | 320 
oT, LN SCORER ET Pee Aen Tee | C-6 4968* | 1920* 
PIN ME  ciiiinwas cracnneroaeiawaaesieee Entire molecule | 817 | 332 
Glucuronic acid............. ee Sait se eikaatela | C-6 4462 | 1588 
Glucosamine............. reer Seley Cr C-1 to C-6 924 | 
| eed pital waa iosd:a-a; hier ares oan wares C-6 | 4932 | 
Ghat tanetwnetr sare wk othe seta C-1 to C-3 15 
Raat ne bake heicienehcaan C-4 “ 05 | oo 
re C-1 “ C3 333 
‘ pA eee | COOH 9 
- ” wig OS Tee ee rey ee | CHOH 0 
«“ dl. ne lee | CH; 922 


- EBT ae Sui a's se wan eave eee | C-1 and C-2 292 





SUMMARY 


By utilizing 6-C'-glucose, evidence was obtained to indicate that the 
glucuronic acid portion of hyaluronic acid produced by a strain of group A 
streptococcus arises from glucose without splitting of the carbon chain. 
Further evidence indicates that a similar mechanism obtains with respect 
to the formation of glucosamine. 
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THE ACETATE ACTIVATING ENZYME OF BEEF HEART 


By P. HELE* 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 30, 1953) 


In a recent communication Beinert et al. (1) have described the proper- 
ties of an acetate activating enzyme system obtained from pig heart muscle. 
A similar system was first recognized by Nachmansohn and Machado (2) 
in brain tissue, and later studied by Lipmann and his coworkers in extracts 
of pigeon liver and yeast (3-5). The AAES' catalyzes the over-all reac- 
tion 
(1) ATP + CoA + acetate = AMP + acetyl CoA + P-P; 


The present communication deals with the purification and some proper- 
ties of the enzyme responsible for this reaction in beef heart. 


Results 


Assay System—The assay system, previously described (1, 6, 7), is 
based on the conversion of acetyl CoA to citrate in the presence of malic 
dehydrogenase and condensing enzyme. The oxalacetate necessary for 
the condensation reaction is generated by the oxidation of malate in the 
presence of DPN, and the rate of DPN reduction is proportional to the 
concentration of AAE present, within the limits of the assay conditions (1). 
The specific activity is defined as micromoles of DPNH formed per mg. 
of protein per 15 minutes. A unit of enzyme activity is defined as that 
amount which leads to the formation of 1 um of DPNH in 15 minutes. 

Preparation of Beef Heart Mitochondrial Particles—Fresh beef heart is 
freed from fat and connective tissue and diced. The subsequent steps are 
identical with those described previously for beef liver mitochondria (8), 
except that the acetone step is omitted and the particles are finally sus- 

* Postdoctoral Trainee of the National Heart Institute, National Institutes of 
Health, 1952-53. 

1 The following abbreviations will be used throughout: AAES (acetate activating 
enzyme system), ATP (adenosinetriphosphate), AMP (adenosine-5’-phosphate), 
P-P; (inorganie pyrophosphate), CoA (coenzyme A), CoASH (reduced CoA), GSH 
reduced glutathione), DPN (diphosphopyridine nucleotide), Tris (tris(hydroxy- 
methyl)aminomethane), AF’° (standard free energy change), Km’ (Michaelis-Menten 





constant for substrate under standard assay conditions), V (velocity at fatty acid 
concentration = ©, under standard assay conditions), AAE (acetate activating 
enzyme). 
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pended in 0.9 per cent potassium chloride. The suspension is stored frozen 
in 500 ml. plastic bottles. 5 

Preparation of Extracts—The suspensions are frozen and thawed three 
times and centrifuged after the third thawing. Thawing is accomplished 
by shaking the bottles in a bath at 38° for about 1 hour. If the suspension 
is allowed to thaw slowly at 4°, most of the enzyme activity is lost. The 
time of liberation of AAE from the particles is unpredictable between the 
first, second, and third thawing, but the maximal yield is always obtained 
by the third. More than three repetitions of the freezing and thawing 
process usually result in a lowered yield of enzyme. 

After the third thawing the suspended particles are centrifuged in the 
Spinco preparative centrifuge at 14,000 X g for 10 minutes. This gives 
a clear supernatant solution. Centrifugation at lower gravitational fields 


TaBe I 
Steps in Purification of AAE 

















Specifi . Total Per cent 
Stage No. oalidy Protein a | pe 
sales —— ms = | =< 
| omg. 
. . | 
1. Mitochondrial extract..................... 3.9 | 9800 | 38,300 | 100° 
2. Ist ammonium sulfate fraction............ a 22 4470 32,100 84 
3. 2nd = _ 1s pH 8.9... 13.0 1710 | 22,300; 61 
4. Alumina Cy gel supernatant................ 31.0 420 | 13,000 | 34 
5 | 


. 3rd ammonium sulfate fraction, pH 8.2. 53.0 131 | 7,000 19 


* Arbitrarily set at 100 per cent. 





gives a supernatant solution in which fine particulate material is still sus- 
‘pended. These particles seriously interfere with subsequent purification 
procedures. 

Purification of Extract (Table I). Ammonium Sulfate Fractionation— 
To the extract containing about 5 mg. of protein per ml. are added 21 gm. 
of ammonium sulfate per 100 ml. and the precipitate is sedimented in the 
Spinco preparative centrifuge at 14,000 x g. This precipitate is dis- 
carded. To the supernatant material are added another 21 gm. of am- 
monium sulfate per 100 ml. and the precipitate is again sedimented in the 
Spinco centrifuge. This precipitate is taken up in 0.02 m potassium bi- 
carbonate and the solution, after dilution to give 10 mg. of protein per ml., 
is further fractionated with saturated ammoniacal ammonium sulfate (pH 
about 8.9). The fraction obtained at 37 per cent saturation is rejected 
and the fraction precipitating at 55 per cent saturation is taken up in 0.02 
M potassium bicarbonate. The solution is then dialyzed for 6 hours against 


0.02 m potassium bicarbonate. 
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Treatment with Alumina Cy Gel and Final Fractionation—The 37 to 55 
per cent fraction, after dialysis, is diluted with 0.02 m potassium bicar- 
bonate to give a protein concentration of 10 mg. per ml. The solution is 
mixed with the alumina Cy gel (freshly prepared) in the proportion of 6 
mg. dry weight equivalent of gel per mg. of protein. Both enzyme solu- 
tion and gel are saturated 10 per cent with respect to ammonium sulfate 
(pH about 8.9) before mixing. After rapid mixing the suspension is cen- 
trifuged and the supernatant solution is treated with ammonium sulfate 
(42 gm. per 100 ml.). The solution of the precipitate is refractionated at 
a protein concentration of 10 mg. per ml. with ammoniacal ammonium sul- 
fate (pH about 8.2) between the limits of 40 to 54 per cent saturation. 

Purity of Enzyme; Physical Criteria—Enzyme preparations of specific ac- 
tivity 50 to 55 were examined in the Tiselius apparatus and the ultracen- 
trifuge. The preparations were examined in 0.05 m phosphate buffer 
at pH 7.5 and 6.5 and in 0.1 m Tris containing 0.04 m potassium dihy- 
drogen phosphate at pH 8.5. The mobility of the fastest moving com- 
ponent increased relative to those of the other components as the pH was 
raised. At the end of the run the major components on both ascending 
and descending limbs were sampled and it was found, in all three cases, 
that the fastest moving component (containing about 25 per cent of the 
total protein) had a specific activity 3 times greater than that of the un- 
differentiated material recovered from the cell. There was a graded de- 
crease in specific activity down the ascending limb until the specific ac- 
tivity of the undifferentiated material was reached. The components 
from the descending limb contained little or no enzymatic activity. Ma- 
terial from the fastest moving component would react maximally in an 
assay system in which “supplementary enzyme” had been replaced with 
highly purified malic dehydrogenase and condensing enzyme, indicating 
that the “supplementary enzyme”’ did not contain a second component 
necessary for acetate activation. These findings all indicate that the ac- 
tivation of acetate is associated with a single protein component. 

Examination of fresh material at specific activity 52 in the ultracentri- 
fuge indicated that the molecular weight of all proteins present lay be- 
tween 40,000 and 80,000. Similar examination of a sample of the fastest 
moving component taken from the Tiselius apparatus, and which had lost 
all activity, indicated a molecular weight in the range of 10,000. 

Stability of Enzyme—Crude preparations of AAE obtained from pig 
heart muscle are extremely stable. These preparations withstand several 
hours at pH 4.3 in the presence of 20 per cent ammonium sulfate, are sta- 
ble to dialysis, and can be kept almost indefinitely in the frozen state. By 
contrast, enzyme preparations at or above specific activity 13 show great 
instability after dialysis or dilution. 





674 ACETATE ACTIVATING ENZYME 


Substrate Specificity—The specificity of the AAE for substances related 
to acetate was determined by following the disappearance of CoASH in 
the presence of the substance under test and the enzyme, according to the 
method of Grunert and Phillips (9) (see Table II). Michaelis constants 
and maximal velocities for acetate, propionate, and acrylate were obtained 
by plotting the data according to the method of Lineweaver and Burk 
(10). Marginal reactions were obtained with samples of glycolate, gly- 
oxalate, 6-hydroxypyruvate, p(—)-lactate, and formate. 

Reversibility of Reaction—This process was followed by observing the 
change in optical density at 232 my (see Fig. 1), which is a measure of the 
concentration of acetyl CoA (11). The formation of acyl CoA in the pres- 


TABLE II 
Substrate Specificity of AAE 


ae oy VX 10-4 mole per min, 
Substrate Km’ X 10° per 100 y enzyme 
Acetate™*. . ee oo ae 1.42 3.0 
a 7 PEA Fo rt 1.54 3.3 
Propionate*. ie ee ere - 5.00 3.2 
Acrylate* ee 2.90 2.6 


The test system contained ATP, 2 um; CoASH, 0.2 um; magnesium chloride, 1 
uM; Tris, pH 9.5, 20 um; borohydride, 0.4 um; AAE (specific activity 51), 9 y in the 
DPN assay and 55 y in the —ASH assay. The final volume was 0.2 ml.; the final 
pH8.0. The mixture was incubated at 38° for 7 minutes and the reaction stopped by 
the addition of 1 ml. of saturated sodium chloride. The free sulfhydryl was then 
determined. 

* Assayed in the —ASH system. 

+ Assayed in the DPN system. 


ence of acetate and propionate and its disappearance on addition of P-P; 
were demonstrated. 

Equilibrium Constani—The equilibrium constant with acetate was de- 
termined at pH 7.5, 8.0, and 8.5 in Tris buffer, and identical results were 
obtained at all three pH values. The constant for propionate was deter- 
mined at pH 8.0. The equilibrium constant for the acetate activating re- 
action (Equation 1) was 0.86, and for the analogous propionate activating 
reaction 1.15. These values were calculated in a manner similar to that 
described by Mahler, Wakil, and Bock (8). The —AF® for the reactions 


(2) CH;CO—SCoA + H,0 — CH;COOH + CoASH 
(3) CH;CH.CO—SCoA + H.O0 — CH;CH,COOH + CoASH 


was found to be —11,700 and —11,500 calories, respectively. These 
figures are uncorrected for the ionization of the acids. They agree closely 
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od with the figures given by Stadtman (11, 12) and by Stern et al. (7) for the 
in hydrolysis of acetyl CoA. 
he ' 
ts Materials and Methods 
ad Sources—ATP was supplied by the Pabst Laboratories and GSH by the 
rk Schwarz Laboratories; CoA was prepared by the procedure of Beinert et al. 
y- (13). It was converted to the reduced form by treatment with sodium 
amalgam (13). 
he 
he B 
- 2007+ a A 
= B 
“ A c 
oe) 
rw) 
n 100+ g 
a) 
re) Cc 
dq 
ACETATE PROPIONATE 
j 4 j j j adh J | | | | | 
5 10 I5 20253 5 10 I5 202530 
MINUTES 
l Fig. 1. The reversibility of the acetate and propionate activating reaction. The 
he test system contained 0.3 um of ATP, 0.6 um of CoASH, 0.6 um of magnesium chloride, 
al 1.2yuM of acetate or 1.68 um of propionate, 12 um of Tris, pH 9.5, AAE (specific activity 
vy 51), 150 y; final volume 1.2 ml. 0.2 ml. samples were withdrawn at 0 time, and the 
en specified intervals of time thereafter, and added at once into 0.8 ml. of potassium 


phosphate buffer, pH 7.2. The optical density of the samples was read at 232 my. 
Enzyme or potassium pyrophosphate was added after the 15 minute sample was 
taken. Curve A, no additions; Curve B, with 50 y of enzyme added; Curve C, with 
2 um of potassium pyrophosphate added. All data are corrected for blanks run in 
P; the absence of substrate. 





Methods—The following preparative methods were used: alumina Cy gel 


7 (14), condensing enzyme (15), malic dehydrogenase (16), and ‘“‘supplement- 

a. ary enzyme” (6). 

-. Analytical Procedures—F ree sulfhydryl and protein were determined ac- 

ig cording to Grunert and Phillips (9) and Gornall et al. (17). 

al SUMMARY 

5 Purified preparations of the acetate activating enzyme have been ob- 
tained from beef heart mitochondrial particles. Electrophoretic exami- 
nation shows that the AAE activity is probably associated with a single 
protein component in these preparations. The enzyme is very unstable 

se under the conditions of electrophoresis, and at the higher purity levels un- 

ly dergoes inactivation after dialysis, although this is not immediately mani- 
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fest. The equilibrium constants of the acetate activating reaction and 
of the propionate activating reaction have been determined and found 
to lie near unity. 
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INTRACELLULAR DISTRIBUTION OF ENZYMES 
XII. BIOCHEMICAL HETEROGENEITY OF MITOCHONDRIA 


By EDWARD L. KUFF ann WALTER C. SCHNEIDER 


(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, March 27, 1953) 


The technique of differential centrifugation permits the separation of 
cytoplasmic particles into fractions on the basis of both the size and the 
specific gravity of the particles. Customarily, such a separation has been 
into two fractions: (1) a large granule fraction known to consist mainly of 
mitochondria, and (2) a small granule (or microsome) fraction composed 
of particles below the limit of resolution of the light microscope (1, 2). 
Although marked biochemical and morphological differences have been 
shown to exist between the mitochondria and microsomes (3), there has 
been relatively little information concerning the homogeneity of the gran- 
ules within each fraction. Chantrenne in 1947 (4) emphasized that the 
isolation of two fractions might be arbitrary and, on the basis of his studies, 
suggested that there might actually exist a more or less continuous spec- 
trum of size and chemical composition. There have been reports that the 
microsomes (5, 6) and the mitochondria (7) may be separated into bio- 
chemically different fractions. More recently, Novikoff et al. (8) have 
separated the cytoplasmic particles of rat liver homogenates into as many 
as eight fractions by differential centrifugation and have found evidence of 
biochemical heterogeneity both among the isolated microsomes and to a 
lesser extent among the isolated mitochondria. 

In the present study, mitochondria, isolated by differential centrifuga- 
tion, have been further subjected to two different methods of fractionation. 
The distribution of pentose nucleic acid and of several enzymatic activities 
among the subfractions thus obtained has been studied. Results obtained 
by both methods concur in indicating that the mitochondrial fraction is 
composed of biochemically heterogeneous particles. 


Materials and Methods 


Preparation of Mitochondria—Livers of 3 month-old female mice, C3H 
strain, were perfused with ice-cold saline, followed by cold 0.25 m sucrose. 
The pooled livers were forced through a perforated steel disk and homoge- 
nized in 0.25 m sucrose (9). The mitochondrial fraction, Mwo, isolated by 
differential centrifugation as previously described (10), was resuspended in 
0.25 m sucrose to make a suspension which was approximately 250 per cent 
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with respect to the original tissue. Care was taken during the mitochon- 
drial washings to remove as thoroughly as possible the incompletely sedi- 
mented ‘fluffy’ material which appeared above the mitochondrial pellet 
and which, on the basis of its morphological and chemical properties, has 
been thought to belong to the microsome fraction (11, 12,3). Microscopic 
examination in the present instance has shown that the visible components 
of the fluffy coat were a few mitochondria and many very small particles, 
some of which were not completely resolved with the phase microscope. 

Fractionation of Mw:2 by Packing—Polyethylene centrifuge tubes (pre- 
pared from polyethylene tubing), 50 mm. in length and 6.35 mm. in inter- 
nal diameter, were filled with a known volume of Mw: and centrifuged for 
half an hour at 35,600 r.p.m. (108,000 x g, average) in the SW-39 horizon- 
tal rotor of the Spinco model E ultracentrifuge. Firmly packed pellets 
showing obvious layering were obtained (Fig. 1). The uppermost layer, T, 
was pink and translucent. In other experiments, in which the fluffy coat 
was not removed during the mitochondrial washes, Layer T was greatly 
increased in width. However, even when the fluffy coat had been removed 
as completely as possible, Layer T was always present. The bulk of the 
sediment was opaque and showed zones of different colors. Passing down- 
wards from Layer T, there was a gray layer (B1), a light tan layer (B2), 
and finally, a layer which became progressively browner towards the bot- 
tom of the tube (Layer B3). The clear, slightly yellow supernatant fluid 
and the various fractions were separated by slicing the centrifuge tube with 
a razor blade. The layers thus isolated were resuspended in known vol- 
umes of 0.25 m sucrose for analysis. 

Fractionation of Mw: by Sedimentation in Density Gradient (13)—Cellu- 
loid centrifuge tubes of approximately 5.5 ml. capacity were filled by add- 
ing in order the following sucrose solutions: 0.4 ml. of 2.22 m, 0.8 ml. each 
‘of 1.59 M, 1.51 M, 1.42 m, 1.34 M, and 1.26 m, and 0.5 ml. of 0.636 m. While 
the boundaries between the sucrose layers were still sharp, 0.4 to 0.5 ml. of 
Mw: was layered at the top of each of three tubes. The tubes were cen- 
trifuged for 1 hour at 35,600 r.p.m. in the SW-39 rotor of the ultracentri- 
fuge, care being taken to accelerate and decelerate slowly in order to avoid 
mixing the layers. Sedimentation in the discontinuous density gradient 
resulted in concentrations of particles at each interface between different 
sucrose concentrations (Fig. 2). The region in between the interfaces was 
clear only when very small volumes of Mw: were sedimented. With the 
amounts used in the present experiments, these regions were generally hazy. 
The bulk of the mitochondrial material sedimented at the boundaries 1.34 
M-1.42 m and 1.42 m-1.51 M, forming layers of such width that the interval 
between them was rather indistinct. A sharp, rust-colored layer was 
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formed at the boundary 1.59 M-2.22 mM. Glycogen particles passed through 
the 2.22 m sucrose layer and sedimented at the bottom of the tube. 
The six mitochondrial zones were separated by sectioning the centrifuge 





Fia. 1 Fic. 2 

Fic. 1. Tube in which a 250 per cent suspension of mouse liver mitochondria, 
previously isolated in 0.25 m sucrose by differential centrifugation, has been centri- 
fuged for 30 minutes at 108,000 X g (average) in a horizontal rotor. The letters 
indicate the different regions of the sediment which may be distinguished on the 
basis of color and opacity. 

Fic. 2. Tube in which mouse liver mitochondria have been centrifuged for 1 hour 
at 108,000 X g (average) in a horizontal rotor in the presence of a discontinuous 
sucrose density gradient. A 250 per cent suspension of mitochondria in 0.25 m su- 
crose was originally layered over the 0.63 mM sucrose. The dotted lines indicate the 
position of the interfaces between the different concentrations of sucrose shown on 
the left. The regions of the tube making up the various fractions are indicated on 
the right. The oblique streak appearing in the 1.51 m sucrose layer is an artifact 
produced by the lights used during photography. 


tube with a special cutter (14) at the points indicated in Fig. 2. Section- 
ing tended to result in somewhat low recoveries, owing to leakage around 
the knife blade. The corresponding fractions from three tubes were usu- 
ally combined for analysis. 

Enzymatic Assays and Chemical Determinations—Uricase activity was 
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measured spectrophotometrically at 25° (9). Desoxyribonuclease (DNase) 
activity was determined at 37° by measurement of acid-soluble compounds 
released from highly polymerized desoxyribonucleic acid (15). Glucose-6- 
phosphatase (G-6-Pase) was determined at 37° (16) in 0.03 m sodium suc- 
cinate buffer, pH 6.6. 

Succinie dehydrogenase activity was determined at 25° by either of two 
spectrophotometric methods. In the first (see Potter and Albaum (17)), 
the reaction mixture was made by the addition, in order, of a suitable dilu- 
tion of enzyme, water to make a final volume of 3.00 ml., 0.016 M potassium 
phosphate buffer, pH 7.4, 0.22 X 10-* m potassium cyanide, 0.26 « 10-4 
mM cytochrome c (Sigma Chemical Company, approximately 90 per cent in 
the oxidized form), 0.40 X 10-* M calcium chloride, and 0.033 m potassium 
succinate. The blank cuvette contained all components of the reaction 
mixture except succinate. Observation of the increase in optical density 
at 550 my in the experimental cuvette, with enzyme concentrations giy- 
ing optical density changes of 0.04 or less per minute, showed that the 
rate of reduction of cytochrome c¢ was linearly proportional to enzyme con- 
centration and was constant over a 5 minute period. No appreciable re- 
duction of cytochrome c occurred in the absence of substrate. Succinic 
dehydrogenase activity was calculated from the extinction coefficients of 
oxidized and reduced cytochrome c (18). 

Succinic dehydrogenase activity was also determined spectrophotomet- 
rically by the reduction of ferricyanide (19). The reaction mixture (vol- 
ume, 3.00 ml.) contained the same concentrations of buffer, calcium, cy- 
anide, and succinate as in the previous method, but enzyme was added to 
the water after the buffer. Potassium ferricyanide (2.03 x 10-* Mm final 
concentration) was added last. The blank cuvette was prepared by omis- 
sion of the succinate from the reaction mixture and adjustment of the 
ferricyanide concentration to 1.52 X 10-*m. Observation of the decrease 
in optical density of the experimental cuvette at 420 my, with enzyme con- 
centrations which produced changes in optical density of 0.03 or less per 
minute, showed that the rate of reduction of ferricyanide was linearly pro- 
portional to enzyme concentration and remained constant for periods up 
to 10 minutes. There was no reduction of ferricyanide in the absence of 
succinate. The extinction coefficient of ferricyanide at 420 my was found 
to be 1.008 X 10° sq. cm. per mole, and this value was used in calculating 
the succinic dehydrogenase activities. Ferrocyanide had no appreciable 
absorption at this wave-length. 

The following analytical methods were employed: pentose nucleic acid 
phosphorus (PNA P) (20), inorganic phosphorus (21), and total nitro- 
gen (11). 








The 
in the 
28). 
the p! 
centra 
lesser 
G-6-P 
fractic 
tube, 
highes 
and 6 
activit 
In eac 
it was 
Mw., 
upper 
groups 


Dist 


In 1 
succin: 
nitroge 
gradus 
it was 
of Mw 
Uricas 
activit 
uricase 
of the 
Layer 
botton 
than it 

InG 
cinic d 
a speci 
case ac 
Layer 
uricase 





E. L. KUFF AND W. C. SCHNEIDER 681 


Results 
Distribution of PNA P and of G-6-Pase Activity 


These two constituents are known to be much more highly concentrated 
in the microsome fraction of liver than in the mitochondrial fraction (22, 
93). Their distribution among the mitochondrial subfractions obtained in 
the present study is shown in Tables I and II. PNA P was highly con- 
centrated in the uppermost layer (T) of the packed mitochondria and to a 
lesser extent in the next layer below (B1). The relative concentrations of 
G-6-Pase activity paralleled those of PNA P almost exactly in all of the 
fractions isolated by this method. In fractions obtained from the gradient 
tube, the concentration of PNA P showed a bimodal distribution, being 
highest in the two lightest and the two heaviest fractions (Layers 1, 2, 5, 
and 6). It was found in experiments not presented here that G-6-Pase 
activity showed a similar bimodal distribution in gradient fractionation. 
In each type of separation, the sum of the PNA P in the fractions in which 
it was concentrated represented about 60 per cent of the total PNA P of 
Mw:, suggesting that particles high in PNA P which were found in the 
upper layers of the packed mitochondria have been separated into two 
groups in the gradient tube. 


Distribution of Succinic Dehydrogenase, Uricase, and DNase Activities 


In Packed Mitochondria (Table I)—The main bulk (93 per cent) of the 
succinic dehydrogenase activity, together with some 75 per cent of the total 
nitrogen, was found in the two lower layers (B2 and B3). There was a 
gradual increase in specific activity of this enzyme from top to bottom, and 
it was present in very low concentration (approximately one-tenth of that 
of Mw.) in Layer T, while it was significantly concentrated in Layer B3. 
Uricase activity had an entirely different pattern, with the highest specific 
activity in Layer B1 and the lowest in Layer B3. 40 per cent of the total 
uricase activity was found in Layer B1, which contained only 10 per cent 
of the total nitrogen. DNase activity was significantly concentrated in 
layer B38. This activity did not show a progressive increase from top to 
bottom of the sediment, there being a higher specific activity in Layer B1 
than in the layer below. 

In Gradient Tube. (Table II)—-Approximately 93 per cent of the total suc- 
cinie dehydrogenase activity was associated with Layers 3 and 4, showing 
aspecific activity equal to that of Layer B3 in the above experiment. Uri- 
case activity was highly concentrated in Layer 6 and to a lesser extent in 
layer 5. These two layers, which contained about 50 per cent of the total 
uriease activity, accounted for only 11 per cent of the total nitrogen and 5 
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per cent of the total succinic dehydrogenase activity. DNase activity 
showed a bimodal distribution similar in some respects to that of PNA P. 
The specific activity was highest in Layers 1 and 6 (about 5 times that of 


TABLE I 


Distribution of Nitrogen, PNA P, and Enzymatic Activities among Fractions of Mouse 
Liver Mitochondria Obtained by Packing* 











. | Succinic dehydr oe ee i aaa, G-6-Pas . 
ae a pricey pov ag Uricase activity DNase activity acibelty PNAP 
drial otal Z = 

pasate | Total | Specific | Total (Speci fic) Total | Specific | Total Specific) Total | Specific 
| 
| LO. pl. Or per |p om | Reo ane y¥P | ee 
| pl. O» > | mM per |per min.| 2% er 3 «| per 15 7 
ms | per hr. R nvioag min. per me — = af yrtng - 4 Y Ag! 
Mw: | 15.9 | 6600 414 | 1.848, 0.116 242 15.2 1348 85 | 139 8.75 
NS 0.167 0 0 0.001) 0.006 0.67| 4.06 0 0 
ys 0.784 38.5) 45.7 | 0.084) 0.107; 2.62) 3.35 208 | 266 23 | 29.2 
Bl 1.64 387 246 «=| 0.749) 0.457 19.8 | 12.1 266 | 162 25 | 15.0 
B2 | 8.17] 3700 | 453 | 0.843/ 0.104 66.5 | 8.25 550! 67  59/ 7.2 
B3 3.89 | 2535 | 651 | 0.187/ 0.048152 | 39.1 236) 61 23) 5.49 
' | | 


1 | 


* The figures in bold-faced type indicate specific activities significantly greater 
than those of Mwoe. 


TaBLe II 
Distribution of Nitrogen, PNA P, and Enzymatic Activities among Fractions of Mouse 
Mitochondria Obtained by Density Gradient Sedimentation* 




















Mito- ony — Uricase activity DNase activity PNA P 
chondrial} Total N 
fraction - wi 
Total | Specific Total Specific Total Specific Total | Specific 
1. On pl. Or per uM Eseo per E260 per . 
ia ber hr. |": a _ per sain Gon h 30 a 30 as si oe 
Mw. 10.25 4505 440 1.030 0.100 | 206 20.1 81.8 7.98 
1 0.217 29 134 0.0025 0.012 21.6 99 .5 4.98 | 22.9 
2 0.136 102 750 0.0033 | 0.024 4.56 33 .6 3.10 | 22.8 
3 2.22 1581 711 0.025 0.011 9.82 4.43 | 14.4 | 6.47 
4 4.31 2603 605 0.278 0.065 15.4 10.5 36.0 8.35 
5 0.522 144 276 0.145 0.278 24.5 47 .0 6.82 | 13.6 
6 0.570 77 135 0.361 0.634 | 60.0 106 9.22 | 16.2 








than those of Mwe. 


Mw:). 





* The figures in bold-faced type indicate specific activities significantly greater 


There was an inverse relationship between DNase and succinic de- 


hydrogenase specific activities in the fractions isolated by this method, in 
In Layers 5 and 6, high 


contrast to the situation in the packed sediment. 








specifi 
in Lay 

Mic 
differe' 
the va 
mitocl 
ticles, 
bled t! 
which 
presen 
ing of 
quite 
having 
were 1 
felt. tk 
granul 
tween 


Wh 
prima 
proba 
which 
role 
densit 
of the 
in the 
partic 
tratio 
some 
mitoc 
did n 
by re] 
Mw, 
ing oi 
set 0 
probe 
packi 

Ex 
disad 
progr 
lower 





t of 


USE 


use 


ater 


de- 
in 


j 


igh 





E. L. KUFF AND W. C. SCHNEIDER 683 


specific activities of uricase and DNase coincided, a phenomenon suggested 
in Layer B1 of the packed mitochondria. 

Microscopic Examination of Fractions—Attempts to correlate striking 
differences in enzymatic activities with distinct morphological properties of 
the various fractions were not entirely successful. Layer T of the packed 
mitochondria was found to consist almost exclusively of very small par- 
ticles, many just at the limit of microscopic resolution. In this it resem- 
bled the fluffy coat previously described. There were very few particles 
which could be identified as mitochondria in this layer, which is felt at 
present to represent microsomal] contamination remaining after the wash- 
ing of the mitochondria. Layers B3, 3, and 4 presented the appearance of 
quite homogeneous preparations of medium and large size mitochondria, 
having only a slight admixture of very small particles. The other fractions 
were mixtures of granules of various sizes and optical densities. It was 
felt that subjective estimates of the relative frequencies of the various 
granules did not have sufficient validity to warrant any correlations be- 
tween morphology and enzymatic activity. 


DISCUSSION 


While both methods of fractionation employed in this study depended 
primarily upon differences in specific gravity among the particles, it is 
probable that certain other factors were also involved. Osmotic effects, 
which were absent in the packing method, probably played an important 
réle in determining the final specific gravity of particles in the sucrose 
density gradient. For example, uricase activity sedimented near the top 
of the packed mitochondria, yet appeared among the heaviest components 
in the gradient tube, suggesting that the uricase-containing particles were 
particularly sensitive to dehydration when exposed to high sucrose concen- 
trations. On the other hand, occlusion of particles may have prevented 
some granules from reaching their proper specific gravity level when the 
mitochondria were subjected to the packing procedure. That this factor 
did not influence the major layering obtained in this method was shown 
by replacement of the supernatant fluid over a packed sediment with more 
Mw, and recentrifugation. Such a procedure resulted only in the widen- 
ing of the layers previously present, rather than in the formation of a new 
set of layers lying above the previous ones. Occlusion of particles was 
probably not a factor during sedimentation in a density gradient, since no 
packing occurred here. 

Exposure of the particles to high sucrose concentrations is a possible 
disadvantage of the present density gradient method, and attempts are in 
progress to find materials which will provide adequate specific gravities at 
lower molar concentrations. However, there was no indication in the 
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present study that the enzymatic properties of the particles were seriously 
affected by exposure to the sucrose density gradient. The recoveries of the 
enzymatic activities were the same as or slightly higher than the recovery 
of total N (Table Il). 

The results of both methods, considered as a whole, indicate that differ. 
ent particles within the mitochondrial fraction varied considerably in their 
specific biochemical properties. In Table III are presented the ratios of 
the specific properties of the isolated fractions to the corresponding specific 
properties of the whole mitochondrial fraction. By one method of frae- 
tionation or the other, each of the components studied could be concep. 
trated at the expense of all of the others, with the single exception that jt 


TaB_e III 


Ratios of Specific Properties of Mitochondrial Fractions to Those of Whole 
Mitochondria (Mwe) 


| 











a — hg | Uricase activity DNase activity | PNA P 
T 0.11 | 0.92 | 0.22 | 3.34 
Bl 0.59 3.94 | 0.80 | 1.72 
B2 1.09 | 0.90 0.54 | 0.82 
B3 1.57 | 0.41 | 2.57 | 0.69 
1 0.30 0.12 | 4.95 | 2.87 
2 1.70 | 0.24 1.67 2.86 
3 1.62 | 0.11 | 9.22 | 0.81 
4 1.37 0.65 0.52 | 1.05 
5 0.63 | 2.78 2.34 1.70 
6 0.31 | 6.34 | 5.22 | 2.01 








" has thus far been impossible to concentrate uricase activity without at the 
same time concentrating PNA P to some extent. Such a situation of mul- 
tiple inverse relationships seems best explained by the assumption of het- 
erogeneity among the particles making up the original mitochondrial pop- 
ulation. So far, no particles have been isolated which were entirely lacking 
in any of the components investigated. Whether this is the result of defi- 
ciencies in the methods of fractionation or is due to the fact that the par- 
ticles differ only quantitatively from one another is not yet known. With 
regard to the question of whether the mitochondrial fractions isolated by 
either method of fractionation might vary with respect to substrate accessi- 
bility or permeability in addition to or instead of differing in total enzyme 
content, it may be said that there is no evidence at present that the activi- 
ties of any of the enzymes as measured here are materially influenced by 
such phenomena (9, 15, 24). 

The present study seems to be in general agreement with a previous Ie 








port ( 
high s 
ase, a 
been | 
morp! 


The 
0.25 3 
packi 
gravit 
studie 
nucle 
and p 
as to 
ing Uy 


Q 
SS 


SP oe ge 
w 
i=) 


oo 
A 
Oo 





sly 
ery 


fer- 
leir 
3 of 
‘fic 


en- 
t it 


, the 
mul- 
het- 
pop- 
king 
defi- 
par- 
Vith 
d by 
eS8I- 
yyme 
tivi- 


d by 


iS Te- 





E. L. KUFF AND W. C. SCHNEIDER 685 


port (8) in indicating the probable existence of a class of particles exhibiting 
high specific activity of uricase, low specific activity of succinic dehydrogen- 
ase, and moderately increased concentration of PNA. However, we have 
been unable to find any clear cut correlation between the frequency of any 
morphological type of granule and high uricase activity. 


SUMMARY 


The mitochondrial fraction isolated from mouse liver homogenates in 
0.25 m sucrose by differential centrifugation was further fractionated by 
packing under high centrifugal force and by sedimentation in a specific 
gravity gradient. ‘The fractions isolated after these procedures were 
studied for their activities of succinic dehydrogenase, uricase, desoxyribo- 
nuclease, and glucose-6-phosphatase and for their content of total nitrogen 
and pentose nucleic acid. The distribution of these components was such 
as to indicate marked biochemical heterogeneity among the particles mak- 
ing up the original mitochondrial population. 
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FORMATION OF 5’-ETHYLTHIOADENOSINE FROM 
pLt-ETHIONINE IN YEAST* 


By F. SCHLENK ano J. A. TILLOTSON 


(From the Department of Bacteriology, Iowa State College, Ames, Iowa) 
(Received for publication, July 2, 1953) 


Experiments on the formation of adenine thiomethylriboside from methi- 
onine in yeast (1) suggested a study of ethionine as a source of organic 
sulfur in the growth medium. The sulfur atom of this amino acid analogue 
is not utilized for the formation of thiomethyladenosine (2). However, we 
found in extracts of yeast (Torulopsis utilis and Saccharomyces cerevisiae) 
grown in the presence of an excess of pL-ethionine another nucleoside which 
seemed to be closely related to thiomethyladenosine. Besides showing the 
typical ultraviolet absorption spectrum of an adenine compound, it con- 
tained sulfur and gave a nitroprusside reaction like that of methionine, 
ethionine, or thiomethyladenosine (3). The differences in the Rr values 
on paper chromatograms precluded the possibility that the new compound 
was identical with thiomethyladenosine. It appeared probable that ethyl- 
thioadenosine could be formed when ethionine was present in the growth 
medium. ‘The isolation of this substance in quantity and its analytical 
examination corroborated this assumption. 


EXPERIMENTAL 


Yeasts Employed—As in our earlier experiments (4) 7’. utilis was used. 
Some experiments were carried out with S. cerevisiae. The medium, 
growth conditions, and harvesting were the same as in our earlier work (4). 

Analytical Techniques—Because of many similarities between ethyl- 
thioadenosine and methylthioadenosine, all of the analytical techniques 
developed for the study of the latter compound (1, 4) could be used in the 
present work. In paper chromatograms with Whatman No. 1 papers and 
water-saturated n-butanol at 30°, the following Ry values were found: 
ethylthioadenosine 0.70, methylthioadenosine 0.62, ethylthioinosine 0.58, 
adenine 0.46, hypoxanthine 0.29. The nucleosides were determined quan- 
titatively by spectrophotometry of paper eluates. Because of impurities 
present in the developing solvent and in the paper, it was necessary to 
apply a slight correction. The correction factor was determined by taking 

* This work has been performed under a contract with the Division of Biology 
and Medicine, United States Atomic Energy Commission. It has been aided by a 


grant from the National Institutes of Health, United States Department of Health, 
Education, and Welfare. 
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an absorption spectrum of an identical amount of eluate from a paper con- 
trol that had undergone all steps of chromatography and elution (4). Un- 
der our conditions the correction was 0.005 density unit at 260 my per sq. 
em. of paper. It was higher at shorter wave-lengths 

Chemical Compounds— Commercial pi-ethionine was used for prepara- 
tion of the nucleoside. For tracer studies pi-ethionine-S** was obtained 
from the Abbott Laboratories. A generous sample of pi-ethionine-C¥ 
labeled in the methyl carbon of the ethyl group, was donated by Dr. J. A, 
Stekol. The authors are indebted likewise to Dr. H. Waelsch for samples 
of S-n-propyl-pL-homocysteine and S-n-butyl-pL-homocysteine. 


TABLE | 
Accumulation of 5’-Ethylthioadenosine in T. utilis with Various Concentrations of 
pL-Ethionine in Growth Medium 





a ae ; - Yield of yeast centrifugate Ethylthioadenosine per gm. 
bi-Ethionine in growth medium per 100 ml. medium* yeast centrifugate 
mM gm. uM per gm. 
None 3.0 <0.1 
} 
0.5 3.1 1.2 
1.0 | 2.6 1.4 
} 
2.0 } 2.4 1.8 
3.0 2.5 2.4 
5.0 2.5 | 1.6 
7.5 2.5 1.6 


* The time of growth was 48 hours at 30°. 
t This value represents the minimal amount which is detectable by our analytical 
procedure. 


Results 


Formation of 5'-Ethylihioadenosine—As a preliminary step it was neces- 
sary to determine the concentration of pL-ethionine in the growth medium 
which gives optimal accumulation of the nucleoside in the yeast. The 
results of such an experiment are listed in Table I. A concentration of 3.0 
mM (489 mg. of pL-ethionine per liter of growth medium) was found advan- 
tageous. There is little inhibition of growth of 7. utilis with higher con- 
centrations of the amino acid analogue, but less nucleoside was obtained 
under these circumstances. A second series of experiments confirmed this 
observation. The concentration of the nucleoside is only about half of 
that of methylthioadenosine (1), if an optimal level of ethionine or methi- 
onine, respectively, is provided in the growth medium. In another ex- 
periment we have studied the simultaneous formation of methylthio- and 
of ethylthioadenosine by providing both methionine and ethionine in 
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the growth medium, each at a level of 3.0 mm. The yeast obtained (1.9 
gm. of centrifugate per 100 ml. of medium) contained 3.1 um of methyl- 
thioadenosine and 1.6 um of ethylthioadenosine per gm. This indicates 
that methionine is more reactive than ethionine. The total amount of 
nucleosides (4.7 um per gm.) does not exceed that obtained with methionine 
alone (4 to 5 um per gm. of yeast; see (1, 4)). The capacity of the yeast 
to make available the adenosine component may be the limiting factor. 

Homologues of Ethionine—S-n-Propyl-pt-homocysteine and S-n-butyl- 
pi-homocysteine (5) were tested for their ability to accumulate alkylthio- 
adenosines in yeast. They were used in 3.0 mm concentration with 7. 
utilis. The yield of cell centrifugate was 3.4 and 3.2 gm. per 100 ml. of 
medium, which shows that no inhibition of growth of the yeast had oc- 
curred. No ultraviolet-absorbing spots were detected on paper chromato- 
grams. From the concentration and amount of yeast extract applied and 
the lower limit of detectability of this type of compound by paper chro- 
matography it was calculated that not more than 0.1 um per gm. of yeast 
centrifugate could be formed. Ethionine is clearly inferior to methionine in 
forming an adenine sulfur nucleoside in yeast. The reactivities of the 
propyl and butyl homologues of methionine seem to be insignificant. 

Preparation—For preparation of ethylthioadenosine with T. utilis the 
conditions outlined earlier for methylthioadenosine are suitable. Instead 
of pit-methionine one uses pL-ethionine in 3.0 mm concentration in the 
growth medium (2). S. cerevisiae was also tried; the yield of nucleoside 
with this yeast was 4.2 um per gm. of cell centrifugate, but, in contrast to 
results with 7’. utilis, considerable inhibition of growth was observed. 
Only 0.9 gm. was obtained compared with 2 to 3 gm. per 100 ml. of Toru- 
lopsis culture. Thus the high concentration of nucleoside is offset by low 
yield of cells. 

The conditions of culture and harvest were the same as in our earlier 
work (2, 4). A few improvements in the isolation procedure should be 
recorded. We found it advisable to extend the period of heat extraction 
to 20 minutes. The solution is pale, in contrast to the deep yellow color 
of ordinary yeast extracts. It has an irritating odor resembling acrolein 
in high dilution. For isolation of the nucleoside the solution is concen- 
trated to one-twentieth of its original volume. Impurities are removed 
by precipitation with 15 volumes of acetone instead of the 6-fold amount 
recommended earlier. ‘The supernatant fluid obtained in this way contains 
much less inert material; yet no significant amount of the nucleoside is pre- 
cipitated by the excess of acetone. After removal of the acetone, by 
distillation under reduced pressure, and concentration of the solution to 1 
ml. for each 30 gm. of yeast extracted initially, the nucleoside crystallizes 
after some days of storage at low temperature. Numerous recrystalliza- 
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tions, however, are required to prepare a pure product. Isolation by phos. 
photungstic acid precipitation was found preferable. After removal of the 
acetone, one dilutes with water to one-third of the original volume of the 
yeast extract. Sulfuric acid is added to pH 1 to 2, and the nucleoside is 
precipitated and treated as outlined earlier for thiomethyladenosine (2). 
The yield is 30 to 50 per cent of the material present in the yeast extract 
as determined by paper chromatography and spectrophotometry. _5’-Eth- 
ylthioadenosine crystallizes in long needles and has a melting point of 197°. 
It is more soluble than methylthioadenosine; impurities in the solution 
delay its crystallization. 
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Fic. 1. Ultraviolet absorption spectra of 5’-ethylthioadenosine (©) and 5’-ethyl- 
thioinosine (@). Phosphate buffer (0.02 m, pH 7.0) was used as solvent. 


Analytical Examination and Structure of Nucleoside-—Elementary analy- 
sis showed the following composition. 


Cy2H;;0;N;8 (mol. wt. 311.35) 
Calculated. C 46.29, H 5.50, N 22.50, S 10.30 
Found. * 46.14, * 6.21, * 23.4, * 10.28 


The absorption spectrum is illustrated in Fig. 1; 2, (260 mu) was found to 
be 15,500. To ascertain the presence of adenine a sample was hydrolyzed 
(3); the solution was neutralized with ammonium hydroxide and subjected 
to paper chromatography. The Fr value of the ultraviolet-absorbing spot 
was found to be identical with that of reference adenine. Further identi- 
fication was secured by deamination of the new nucleoside to the corre- 
sponding hypoxanthine derivative by treatment with nitrous acid. The 











prod 
spect 
meth 
hydr 

Or 


can | 
is on. 
thioa 
orcin 
ence 
der ¢ 
cient 
meth 
ing ( 
posit 
of pe 
as 1s 
Et 
posit 
with 
nuel 
and 
the 1 
ethic 
cedu 
were 
diun 
uM; 
nuel 
that 
fort 
terry 
D 
am 
ader 
sine 


E 
nine 
sho 


1 


' 


F. SCHLENK AND J. A. TILLOTSON 691 


product was purified by large scale paper chromatography. Its absorption 
the spectrum is recorded in Fig. 1 and resembles that observed earlier with the 
the methylthio compound (6). Hypoxanthine was obtained from it by acid 
hydrolysis and identified by paper chromatography. 

(2), Orcinol Test for Pentose—The presence of pentose in the new nucleoside 


can be demonstrated by the orcinol test (7), but the intensity of the color 
“th- is only about one-third of that obtained with reference pentose. Methyl- 
97°. thioadenosine shows the same behavior. The absorption spectrum of the 
tion orcinol pigment from both compounds resembles that obtained with refer- 


ence ribose. In all instances the maximum of density is at 670 mu. Un- 
der our experimental conditions (8) the following molar extinction coeffi- 
cients are found at this wave-length: pigment from ribose 24,000, from 
methylthioadenosine 8700, from ethylthioadenosine 7800. Prolonged heat- 
ing (8) of the orcinol reaction mixture does not intensify the color. The 
positive response of the new nucleoside to this test indicates the presence 
of pentose, which appears to be bound and substituted in the same fashion 
as is that in methylthioadenosine. 

Ethylthio Group-—The presence of an ethylthio group is indicated by a 
positive nitroprusside reaction identical in intensity with that obtained 
with ethionine. The relation in analytical behavior between the new 
nucleoside and ethionine resembles our earlier observations on methionine 
and methylthioadenosine (3). Further evidence of an ethylthio group in 
the nucleoside stems from experiments with pi-ethionine-S* and with pL- 
ethionine-C™, labeled in the methyl carbon of the ethyl group. The pro- 
cedures were the same as outlined for labeled methionine (4). Our results 
were as follows: with pt-ethionine-S* (18,800 c.p.m. per um) in the me- 
hl. dium the nucleoside obtained from the yeast showed 17,700 c.p.m. per 
’ um; with pL-ethionine-CH,C“H; (4750 c.p.m. per um) in the medium the 
nucleoside from the yeast contained 4230 ¢.p.m. per um. These data prove 
aly- that the ethylthio group of ethionine is recovered in the nucleoside. Un- 
fortunately, this type of compound is not amenable to a quantitative de- 
termination of sulfur-bound alkyl by treatment with hydriodic acid (9). 

Dr. $. K. Shapiro, in this department, has tested the new nucleoside with 
amutant of Aerobacter aerogenes which requires methionine or methylthio- 
adenosine (10). No growth response was obtained with 5’-ethylthioadeno- 
1 to sine.! 








zed 

ted DISCUSSION 

pot Ethionine (11) has found interest mainly as an antimetabolite of methio- 
nti- nine in a variety of biological systems (12). Recent metabolic studies have 
rre- shown that this amino acid analogue is not entirely inert, in that its sulfur 
rhe 


'S. K. Shapiro, to be published. 
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is available to some extent if other sources of sulfur are lacking (13-15), 
Of particular interest are the experiments of Stekol and his coworkers (16, 
17) who recovered the isotope of ethyl-labeled ethionine-C" from a choline 
and creatinine analogue after administration to rats. 

The experiments reported here constitute another example of biochemi- 
cal reactivity of ethionine. The structure of 5/-ethylthioadenosine, as 
shown in Fig. 2, resembles that of 5’-methylthioadenosine (18, 19). It is 
suggested by the following observations: elementary analysis, absorption 
spectrum (see Fig. 1), presence of bound adenine which can be hydrolyzed 
for identification by paper chromatography, and by conversion into hy- 
poxanthine. Furthermore, the compound responds to the orcinol pentose 
reagent as does methylthioadenosine and has in common with the latter 
the biochemical mechanism of formation in yeast in the presence of the 
requisite sulfur-containing amino acid. Proof of this structure will have 
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5'-ETHYLTHIOADENOSINE 
Fig. 2. 5’-Ethylthioadenosine 


to await the chemical synthesis. It would be premature to speculate 
about the biological importance of the new compound. While it is formed 
by an enzymatic synthesis, the obligate precursor, ethionine, has not yet 
been found in any natural source. It will be of interest to compare the 
effects of the nucleoside with those of ethionine in various biological sys- 
tems. It may be that some of the inhibitory actions attributed to ethio- 
nine actually occur after its conversion into S-adenosylethionine or 5’- 
ethylthioadenosine. 


SUMMARY 


Yeasts (Torulopsis ulilis and Saccharomyces cerevisiae) grown in a me- 
dium containing pi-ethionine accumulate a sulfur-containing nucleoside 
which appears to be 5’-ethylthioadenosine. This biosynthesis resembles 
the metabolic relation between methionine and methylthioadenosine. 
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THE QUANTITATIVE DETERMINATION OF HIPPURIC ACID* 


By GEORGE W. GAFFNEY, KURT SCHREIER, NICOLA DiFERRANTE, 
aND KURT I. ALTMAN 
(From the Division of Experimental Radiology, Department of Radiology, and the 
Department of Radiation Biology, Atomic Energy Project, School of Medicine 
and Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, July 13, 1953) 


The quantitative determination of hippuric acid in urine and other fluids 
has been carried out by a variety of methods which, as a rule, combine 
solvent extraction of the urine with subsequent titrimetry of hippuric acid 
present in the extract, amino nitrogen determination, oxidation with hydro- 
gen peroxide, and nitration with subsequent colorimetry. A brief review 
of this literature has been given (1). In addition, a method for the paper 
chromatographic separation of hippuric acid has been reported (2, 3) in 
which brom cresol green is employed for the detection of the hippuric acid 
spot. None of these methods was entirely satisfactory in our hands in that 
none was sufficiently specific and sensitive. It was, therefore, deemed 
necessary to develop a new method for the quantitative determination of 
hippuric acid, combining paper chromatography with a new color reaction. 
It is the purpose of this paper to describe this new method as well as its 
application to urine. 


EXPERIMENTAL 


Color Reaction—A. sensitive color reaction has been employed for the 
detection of hippuric acid based upon azlactone formation resulting from 
the reaction of an aldehyde with hippuric acid (4). In this instance, hip- 
puric acid was converted to a deep orange-colored azlactone, 2-phenyl-4- 
(p-dimethylamino)benzal-5-oxazolone, by treatment of hippuric acid with 
acetic anhydride and p-dimethylaminobenzaldehyde. 

This azlactone has been mentioned briefly by Hellerman et al. (5), al- 
though no detailed information, aside from a melting point of 220°, has 
been reported by these workers. Therefore, a brief description of the 
method of preparation is given here. 

The azlactone was prepared by refluxing 1 gm. of p-dimethylaminoben- 
zaldehyde (recrystallized from benzene) for 30 minutes with an equimolar 
quantity of hippuric acid in 9 ml. of acetic anhydride. After the mixture 
had been allowed to stand in the refrigerator overnight, reddish orange 


*This paper is based on work performed under contract with the United States 
Atomic Energy Commission. 
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crystals in the form of needles were obtained in a yield of 1.04 gm. Fur- 
ther amounts of this material could be obtained from the mother liquor, 
6-fold recrystallization from ethanol resulted in an orange-colored com- 
pound melting at 208-210°. This melting point differs from that of Heller- 
man et al. (5) and possibly reflects the presence of the geometrical isomer 
of Hellerman’s compound (4). 


CisH i 6O2N2.! Calculated. C 73.96, H §. 48, N 9.61 
Found. jo, Ban, Oat 


The absorption curve (e€ = em.? X mole) is shown in Fig. 1. 
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Fig. 1. Absorption spectrum of 2-phenyl-4-(p-dimethylamino) benzal-5-oxazolone 
in methanol. 


Paper Chromatography—Paper chromatographic separation of hippuric 
acid was carried out on 1 inch strips of Whatman No. 1 filter paper (uni- 
phasic) in the solvent system butanol-acetic acid-water, 4:1:1. The Ry 
value of hippuric acid in this system was found to be 0.81. In the phenol- 
water system the Rr value was 0.79. The solvent front was run down to 
a distance of 30 cm. from the origin, and the strips were subsequently air- 
dried. 

Detection of Hippuric Acid on Paper Chromatogram—The paper strips 
were sprayed with a 4 per cent solution of p-dimethylaminobenzaldehyde 
in acetic anhydride containing a few crystals of sodium acetate. The reac- 
tion was brought to completion by heating the sprayed strips in a drying 


1 The elementary analyses were carried out by Dr. C. W. Beazley, Micro-Tech 
Laboratories, Skokie, Illinois. 
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oven for 1 to 2 minutes at 130-150°. Prolonged exposure to heat, as well 
as temperatures exceeding those employed here, led to yellowish discolora- 
tions of the paper. 

Hippuric acid was detected as a well defined spot by this procedure in 
amounts as small as 1 y. 

No orange color was obtained when eighteen amino acids, taurine, p- 
aminobenzoic acid, niacin, and isonicotinic hydrazide were treated with 
p-dimethylaminobenzaldehyde, although, after several hours of standing, 
yellow or yellowish brown spots appeared in a few instances when satu- 
rated solutions of the compounds in question were used. 
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Fig. 2. Calibration curve for the hippuric acid color reaction at 460 mu 





In paper chromatograms of concentrated urine faint discolorations were 
observed in regions of low Ry value. Such discolorations developed into 
discrete yellow spots upon standing. 

Before adoption of p-dimethylaminobenzaldehyde as a chromogenic re- 
agent, several other chemically similar aldehydes, such as benzaldehyde, 
cinnamaldehyde and nitrobenzaldehyde, were investigated. Cinnamalde- 
hyde was examined in some detail because of the high degree of sensitivity 
with which hippuric acid could be detected by this reagent. Unfortu- 
nately, this reagent lacked sufficient specificity. 

Quantitative Determination of Hippuric Acid—Hippuric acid was esti- 
mated quantitatively by determining the color intensity of the methanol 
eluate of the azlactone spot. In spite of the disadvantage inherent in the 
slowly progressing methanolysis of the azlactone, methanol was the only 
solvent tested which permitted quantitative elution within a short period 
of time. It was essential, however, to carry out the colorimetric deter- 
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mination as soon as elution was completed since, otherwise, losses were 
incurred. Furthermore, because of the photolability of the azlactone in 
question, it was imperative that the methanolic solution of the colored 
material should not be exposed to light for an undue period. 

Spots containing at least 10 y and not more than 100 y of hippuric acid 
(in the form of the corresponding azlactone) were cut out and extracted 
three times with 2.0 ml. of methanol and placed in a colorimeter tube. 
The color intensity was then determined at 460 my in a Coleman junior 
spectrophotometer (« = 5.1 X 10‘). 

In order to obtain a standard curve for quantitative estimation, a known 
amount of the azlactone was eluted from the paper strip instead of being 
obtained from a prepared solution of the azlactone. This was necessary 
because the conditions of the paper chromatography seemed to alter the 
final color intensity of the azlactone solution. An example of a standard 
curve is shown in Fig. 2. 

For the determination of hippuric acid in urine, it has been found that 
with sufficient amounts of hippuric acid (10 to 100 yl.) urine may be applied 
directly to the paper strip. In the presence of very small amounts of hip- 
puric acid, however, the determination was facilitated by continuous ex- 
traction of the urine with ethyl acetate for 24 hours. The extract thus 
obtained was evaporated, and the residue was taken up in a small amount 
of ethanol. The ethanolic solution was then chromatographed. 


SUMMARY 


1. The formation of a colored azlactone resulting from the reaction of 
hippuric acid with p-dimethylaminobenzaldehyde in the presence of acetic 
anhydride has been utilized for the detection of hippuric acid. 

2. A method for the quantitative colorimetric determination of hippuric 
‘acid, involving paper chromatography with subsequent elution of the az- 
lactone, has been described. 

3. The application of this method to the determination of urinary hip- 
puric acid has been mentioned briefly. 
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AMINO ACID COMPOSITION OF HUMAN MILK* 


By P. SOUPART, STANFORD MOORE,}{ anv E. J. BIGWOOD 


(From the Department of Biochemistry and Nutrition, Faculty of Medicine, 
University of Brussels, Brussels, Belgium) 


(Received for publication, August 3, 1953) 


The fundamental importance of human milk in infant nutrition makes it 
desirable to have available as complete information as possible on the 
amounts of amino acids contributed to the diet from this source (William- 
son (1), Block and Bolling (2, 3), and Macy (4)). In the present study, 
hydrolysates of human milk have been analyzed by ion exchange chroma- 
tography (Moore and Stein (5)) as applied in this laboratory to the analysis 
of foods (Schram et al. (6)). The applicability of the method to materials 
of high carbohydrate content has been demonstrated by Dustin e¢ al. (7). 


EXPERIMENTAL 


Samples for Analysis—The chromatographic analyses were performed on 
two mixed samples of human milk, Samples A and B. Sample A repre- 
sented pooled milk from twenty donors from the urban area of Brussels, 
obtained in the middle of the winter. Sample B was from forty donors 
from the same area and was collected at the end of the winter season (1950- 
51). In both instances the raw milk was centrifuged on the day of collec- 
tion. The skimmed, relatively fat-free milk was pasteurized by heating it 
to 70° for 35 minutes. After storage of the samples in a refrigerator at 
about 0° for 48 hours, aliquots of the milk were taken for hydrolysis and 
analysis. The protein level, calculated as 6.25 X total N, was 1.1 per 
cent, a figure which is the same as the average value reported by Macy 
(4, 8) for samples of human milk collected over the period from 15 days to 
15 months post partum. The hydrolysis was carried out by the prescribed 
procedure (6) on 5 ml. of milk (about 50 mg. of protein) in 200 ml. of 6 N 
HCl. One-tenth of the quantity hydrolyzed was used for each Dowex 50 
chromatogram (5, 6). Cystine is unstable when hydrolysis is performed 


* The research reported in this communication was undertaken through the aid of 
funds from the foHowing Belgian sources: la Fondation Francqui, le Fonds Na- 
tional de la Recherche Scientifique, and le Centre National de Recherche de |’Insti- 
tut belge de l’Alimentation et de la Nutrition. 

t Visiting Professor (Francqui Chair) 1950-51. Member of The Rockefeller In- 
stitute for Medical Research, New York. 

!The samples were obtained through the generous cooperation of the Lactarium 
de ’Oeuvre Nationale de l’Enfance of Brussels. All of the donors were carefully 
selected normal persons under medical supervision. 
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in the presence of carbohydrate and hence was determined as cysteic acid 
by the method of Schram e¢ al. (9) on a separate 5 ml. sample oxidized by 
performic acid and hydrolyzed for chromatography on Dowex 2. Trypto- 
phan was determined microbiologically? after alkaline hydrolysis. 

Analytical Results—Effluent curves obtained with Sample B on 100 em. 
and 15 em. Dowex 50 columns are shown in Fig. 1. During acid hydroly- 
sis carbohydrates give rise to products which yield a red color in the nin- 
hydrin reaction (6, 7). The peak given by the decomposition products of 
lactose is obtained at about 55 ml. of effluent. There are two ninhydrin- 
positive peaks, Peaks A and B in Fig. 1, which appear in addition to those 
expected at the positions of emergence of the common amino acids. The 
material responsible for the color in the range of Peak A is eluted at the 
point of emergence of the buffer of pH 4.25. By advancing the point of 
change of the eluent, almost all of the material could be shown to move 
fairly well ahead of the methionine position, which is immediately in front 
of isoleucine. The value for methionine has been based upon the methio- 
nine sulfoxide peak, assuming almost complete oxidation during hydrolysis 
(6), and is a minimal value subject to revision when a method becomes 
available which is free from some of the uncertainties that have been shown 
to be present in the determination of the methionine content of foods (6), 
Peak B in Fig. 1, occurring at the position known to be assumed by amino 
sugars (5), is receiving further study. 


Conclusions 


The amino acid composition of human milk determined chromatograph- 
ically (Table I) shows glycine, alanine, proline, and glutamic and aspartic 
acids to be considerably higher than they were previously thought to be. 
Earlier tabulations (4, 8) have routinely listed the glycine content as zero 
(1). For most of the amino acids, the values obtained by the different 
methods are in fair agreement. As is true of most foods, the four nutri- 
tionally important amino acids present in the smallest amounts are cystine, 
methionine, tryptophan, and histidine, but all of these are present in human 
milk at about the 2 per cent level. (For purposes of comparison with 
other proteins, the percentage composition figures for the amino acids of 
human milk can be obtained from Table I by dividing the mg. per 100 ml. 
values by 10, since the total quantity of amino acids present is 1 gm.) 

The analyses account for 88 per cent of the total N in terms of amino 
acids and ammonia. A considerable proportion of the ammonia in the 
hydrolysate arises from the urea of human milk (4). The level of urea N 

* We are greatly indebted to Professor J. H. Bouckaert and his associates at the 


University of Ghent for the microbiological determination of tryptophan in alkaline 
hydrolysates by the method of Henderson and Snell (10). 
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b the B, Table I). The acidic and neutral amino acids were determined on a 100 cm. 
Dowex 50 column (Curve 1), and the basic amino acids were determined on a 15 cm. 
column (Curve 2). The sample for analysis corresponded to 0.5 ml. of milk. The 
proline concentrations have been corrected for the low color yield to bring the peak 
into scale on a molar basis with those of the other amino acids. 
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TaB.e [ 
Amino Acid Composition of Human Milk 
Total N, 173 mg. per 100 ml.* 


Mg. amino acid per 


100 ml. milk Average values Literature values, mg. per 100 ml, 
Pit cake Based on milk protein Whole 
Pooled | Pooled | N, per cent Mg. amino analysest milk 
Sample Sample total acid per 100 -———_—_—_——— a 
A . | " mi. milkt Williamson Block and ae 
(1) Bolling (2) | “*° (4 
Aspartic acid.....| 88.7 | 98.2| 5.7 93 | 70 
Glutamic “ ....! 200.0, 197.0} 10.9 198 | 140 
Glycine. . 22.9 | 24.0 | 2.5 23 0 
Alanine....... 35.5 | 40.6 | 5 38 21 | 
Valine... | 60.2 57.0 | 3.7 5A 40 49-84 | 72 
Leucine. 92.9 | 107.0} 6.2 100 138 | 68-86 97 
Isoleucine 18.8 58.4 | 3.3 54 45 | 4663 | 61 
Serine 50.8 | 46.6| 3.8 9 | 42 | 
Threonine 46.4| 49.3] 3.2 8 | 38 38-54 | 52 
Cystine§ | 23.0] 1.6 23 | 2 | 1229 | 
Methionine. . | | 20.0| 1.1 2 | 18 | 17-21 12 
Proline. .. | 87.6] 83.8 | 6.0 86 | 48 | 
Phenylalanine | 38.9 2.2) 2.0 41 46 | 45-50 | 40 
Tyrosine 46.5| 46.3] 2.1 46 44 | 43-46 
Tryptophan ||. 19.0 1.5 19 19 13-26 19 
Histidine | 22.7) 20.2 3.4 21 15 | 22-24 24 
Lysine 65.2 | 63.1 re 64 57 51-61 70 
Arginine 30.6 32.0 5.8 31 40 31-57 | 48 
Ammonia. 28.1 33.6 14.6 
Total. cect 88.0 1008 


. * The samples represent pooled milk from twenty and forty donors, respectively. 
The nitrogen content of Sample A was 177.4 mg. per 100 ml. and that of Sample B 
was 168.3 mg. per 100 ml. The average N of 173 mg. per 100 ml. corresponds to a 
calculated protein content of 1.1 per cent (factor 6.25). The total N of the Brussels 
samples is the same as the mean value for the human milk reported by Macy (4, 8). 
For milk of higher or lower N content, approximate values for the amino acid levels 
can be calculated on the basis of the N content of the given sample. 

¢ For comparison with the composition of other proteins, the values in mg. per 
100 ml. can be divided by 10 to give percentage figures, since the total amino acids 
in the milk amount to 1.0 gm. 


t For purposes of comparison, the values from the literature have been recalcu- 
lated for milk of 173 mg. of N per 100 ml., assuming the precipitable proteins to rep- 
resent 78 per cent of the total N (Beach et al. (12)). 

$ Cystine was determined chromatographically as cysteic acid (9). 

|| Tryptophan was determined by microbiological assay (see the text). 








is kn 
for 7 
hydr 
from 
hydr 
(5). 
for a 
abou 
uent: 
choli 
Th 
gm. | 
the ¢ 
mate 
indey 
subti 
mg. | 
M 
gen, 
repre 
of th 
with 
chro 
have 
sent 


refer 
out 
whic 


na a | 





P. SOUPART, S. MOORE, AND E. J. BIGWOOD 703 


is known to be comparable to that of the blood plasma and may account 
for 7 to 10 per cent of the total N of the milk. Urea is about 80 per cent 
hydrolyzed to ammonia in boiling 6 N HCl after 20 hours. The small peak 
from residual urea (color yield only 0.03 (11)) may be masked by the carbo- 


0 ml. hydrate decomposition products, which emerge close to the urea position 

(5). The inclusion of the residual urea N in the summation would account 
ik for about 90 per cent of the total N. The N of Peaks A and B would add 
— about 5 per cent to the total, leaving 5 per cent for other unknown constit- 
y (a uents and minor components such as creatine, creatinine, uric acid, and 


— choline (4). 
The total of 1.0 gm. of amino acids (Table I) corresponds to about 0.85 
gm. of protein, when calculated in terms of the amino acid residues. Thus 


the conventional calculation (173 mg. of N X 6.25 = 1.1 gm.) overesti- 
2 mates the protein level in human milk by more than 20 per cent. The 
7 independently determined 20 per cent of non-protein N (4, 12) should be 
i subtracted from the total N for the calculation of the protein content (138 
9 mg. of N X 6.25 = 0.86 gm.). 
; Macy and associates (cf. (4)) have shown that the free amino acid nitro- 
2 gen, at 5 mg. per cent, is also about the same as that of blood plasma and 

represents a contribution of less than 3 per cent of the total amino acids 
0 of the food. The chromatographic analyses include this fraction, together 
9 with the amino acids from any peptides that may be present. Separate 
ri chromatograms on hydrolysates of the dialyzable fraction of human milk 
0 have confirmed the fact that the amino acids of the non-protein N repre- 
3 sent only a small percentage of the total composition in Table I. 
ae SUMMARY 
mr; The amino acid composition of human milk represents a standard of 
le B reference in infant nutrition. Chromatographic analyses have been carried 
toa out to provide as complete a tabulation as possible of the amino acids 
4 | which enter the diet from this source. 
, 8). 
vels 
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EFFECT OF VITAMIN By ON LIVER AND BLOOD 
NON-PROTEIN SULFHYDRYL COMPOUNDS 


By U. D. REGISTER 


(From the Department of Biochemistry, School of Medicine, College of Medical 
Evangelists, Loma Linda, California) 


(Received for publication, June 29, 1953) 


Recent reports suggest that vitamin By is associated with sulfhydry! 
compounds in metabolism. The work of Dubnoff (1) indicates that this 
vitamin is involved in the reduction of disulfide linkages. Ling and Chow 
(2) found a decreased level of non-protein sulfhydryl groups in erythro- 
cytes of rats fed diets deficient in vitamin By». Further work by these 
same investigators pointed to glutathione as the primary sulfhydryl com- 
pound that is altered under these conditions (3). Fraser (4) reported a 
lowered level of ergothioneine sulfhydryl] in the blood of a limited number 
of pernicious anemia patients. The present study was initiated to investi- 
gate further the effect of vitamin By on the sulfhydryl compounds in the 
blood of the’ rat and to extend these studies to include sulfhydryl] com- 
pounds in the liver. 


EXPERIMENTAL 


Weanling rats 25 to 30 days old, born to mothers maintained on vitamin 
By-deficient Diets A and B during pregnancy and lactation, were used in 
these studies. Diet A, similar to that described previously (5), consisted 
of yellow corn-meal 45, soy bean meal (expeller type) 45, corn oil 5, Salts 
IV 2, cystine 0.3 gm., and a sucrose-vitamin mixture 2 gm., containing 
choline chloride 100, thiamine hydrochloride 0.6, pyridoxine hydrochloride 
0.6, riboflavin 0.8, calcium pantothenate 4.0, niacin 4.0, folic acid 0.05, 
biotin 0.02, p-aminobenzoic acid 30, inositol 20, and menadione 0.6 mg. 
The composition of Diet B was as follows: soy bean meal 60, dextrose 24, 
Crisco 10, Salts IV! 4, and the sucrose-vitamin mixture 2 gm. In addition, 
rats on both diets received 2 drops of Haliver Oil weekly. 

In the first experiment twenty male weanling rats born to mothers on 
Diet A were continued on the same ration. Individual raised bottom 
cages were used, feed and water being given ad libitum. One-half of the 
animals were given vitamin By: intraperitoneally three times weekly in 
amounts to provide 0.5 y of vitamin Bi: per day. In another experiment, 
twenty male weanling rats born to mothers on Diet B were divided into 


1 Modification of diet described by Emerson (Proc. Soc. Exp. Biol. and Med., 70, 
392 (1949)). 
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two groups and were given Diet B with and without injected vitamin By. 
During the 6th week of the experiment, the animals were stunned and 
blood was taken by heart puncture with heparin as an anticoagulant. The 
liver was excised immediately, frozen with dry ice, rapidly weighed to 
approximately 1 gm., homogenized with 9 ml. of cold 2.5 per cent sulfo- 
salicylic acid, and filtered. 


TaBLeE I 
Non-Protein Sulfhydryl Compounds in Liver of Rats Fed Diets with and without 
Vitamin Biz 


Average} Sulfhydryl compounds, uM per 100 gm. liver 
nT gain per} 
Diet fe te A 5 % lit ite mahi aa 
| A. Ergothioneine | Glutathione sulfbearyl 
; gm. ; 
ee eer ree nan 6 | 19 | 63.5 + 1.5* | 695 + 10* 782 + 10* 
so + 6vitamin Bie.... 8 37 | 70.3 + 2.6 | 818 + 13 932 + 18 
aes iecaakance souk Foe 3 20 30.1 + 0.1 519 + 20 540 + 14 
se 4+ vitamin Bie 5 32 | 31.241.9 | 608 + 3.1 | 6424 5.0 


* Standard error of the mean. 


TABLE II 


Non-Protein Sulfhydryl Compounds in Erythrocytes of Rats Fed Diets with and without 
Vitamin Bie 





- Aver: Sulfhydryl compounds, um per 100 ml. blood cells 
Diet Bet Dee 
crit Ergothioneine Glutathione Total sulfhydryl 
per cent 
ee 6 41 30.5 + 1.8* | 162 + 8.9*; 212 4+ 5.3* 
«4 vitamin By... 8 43 | 28.2 + 2.3 227 + 7.3 | 269 + 10.5 
= = , ‘ ‘| 3 43 15.1 + 1.6 177 + 14.5 248 + 21.8 
“+ vitamin By....) 5 46 11.3 + 0.5 296 + 7.2 335 + 


* Standard error of the mean. 


Glutathione (GSH) was determined by employing essentially the same 
method as that of Grunert and Phillips (6). 

Total non-protein sulfhydryl groups (TSH) were measured ampero- 
metrically, by the rotating electrode assembly as described by Agazzi 
et al. (7). The method used is a modification of the procedures described 
by Weissman e/ al. (8) and Benesch and Benesch (9). The temperature 
of the titration mixture was kept between 4-8° to avoid destruction of 
sulfhydryl groups in the alkaline solution, and the electrolyte was added 
just prior to titration. Blood and liver filtrates for all determinations 
were kept in an ice bath until used. 
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310. Blood ergothioneine (ESH) was determined by a modified method of 
nd Hunter (10). Blood cells washed with physiological saline were used in 
‘he the determination. For liver ESH the method of Heath et al. (11) was 
to employed. 


Results 


Weight gains and liver and blood values for ESH, GSH, and TSH are 
given in Tables I and II. A high mortality in the groups occurred during 
) the Ist week after weaning the animals, the deficient group showing a 
higher mortality. The results in Table I indicate a decrease in GSH and 
TSH in the livers of rats fed the vitamin B,.-deficient diets. A significant 
decrease in the levels of blood GSH and TSH of the vitamin By.-deficient 
groups on Diets A and B is seen in Table II. The ESH content of the 
liver or the blood is not altered when vitamin By is given, but the animals 
on Diet A show much higher liver and blood ESH values than those on 
: Diet B. 


DISCUSSION 
».0 


The decreased amounts of GSH and TSH in the liver of rats on vitamin 
By-deficient diets appear to follow the same trend as the blood sulfhydry] 
compounds under similar conditions. The decreased levels of GSH and 
bal TSH in the blood of the vitamin By2-deficient groups are in agreement 
with the recent findings of Ling and Chow (12). Results from the present 
work also indicate that the change in the level of TSH is primarily due to 


a GSH and that GSH constitutes the greater part of the TSH both in the 
oy! liver and the blood. 
Grunert and Phillips (13) and Mortensen (14) have shown that rats on 
).3* diets low in sulfur amino acids have an increased blood GSH and a greatly 
).8 decreased level of liver GSH. This observation probably explains the 
a lower values for liver sulfhydryl compounds of the Diet B group, since this 
diet contains a lower amount of sulfur amino acids. 
In all the experiments the GSH values were slightly less than those for 
TSH. This observation can be explained by the fact that ESH is not 
me measured in the GSH determination (15). The same filtrate from the 
liver was employed for both ESH and GSH, as well as TSH, and pure 
sr0- ESH was recovered to the extent of approximately 92 per cent from the 
Zi |) sulfosalicylic acid filtrates by the amperometric method. However, ESH 
bed makes up only a small fraction of the TSH. The results show no signifi- 
ure cant change in ESH in the liver or blood of animals receiving diets with 
. of or without vitamin By». 
ded From these studies and the work of Ling and Chow, it would appear that 
ons vitamin By. may function in maintaining the level of GSH in the body. 


GSH in turn is believed to function by maintaining enzymes in their active 
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sulfhydryl form (16). Since GSH has been shown to play an important 12. Lir 
réle in the enzyme systems concerned with fat and carbohydrate metabo- 13. Gr 


lism (17-19), any decrease in the level of liver and blood GSH, as in a vita- 24 ~ 

min By: deficiency, would probably interfere with this phase of metabolism, “9 Ba 

17. val 

SUMMARY 18, Kr 

The effect of vitamin By on the levels of ergothioneine, glutathione, and 19. Du 
total non-protein sulfhydryl groups in the liver and blood of rats has been 


studied. 

There was a marked decrease in the levels of liver and blood sulfhydry| 
groups when rats were fed soy bean rations deficient in vitamin Bis. These 
altered values were primarily due to glutathione. 

Vitamin By: has no significant effect on the liver or blood ergothioneine, 
Only a small fraction of the total non-protein sulfhydryl groups is due to 
ergothioneine. 


This work was supported in part by research grants from the Williams- 
Waterman Fund of the Research Corporation, New York, and the Review 
and Herald Publishing Association, Washington, D. C. 

The author is indebted to Merck and Company, Inc., Rahway, New 
Jersey, for crystalline vitamin By, to Parke, Davis and Company, Detroit, 
Michigan, for Haliver Oil with Viosterol, and to Alrose Chemical Com- 
pany, Providence, Rhode Island, for Sequestrene N A2 recrystallized three 
times. 

The author wishes to acknowledge the valuable assistance of Barbara 
Goyne, Lilah Nahorney, Kenneth Nyack, and Byron Wareham in these 
studies. 
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THE RELATIONSHIP OF SODIUM AND POTASSIUM TO 
CARBONATE IN BONE* 


By WILLIAM H. BERGSTROM 
With tHe TECHNICAL ASSISTANCE OF ELLEN H. BELL 


(From the Department of Pediatrics, State University of New York Medical 
College at Syracuse, New York) 


(Received for publication, September 8, 1953) 


Approximately a third of the total body sodium content of man, dogs, and 
rats is present in the inorganic portion of the skeleton (1-3). Although the 
magnitude of this fraction and its variability in acidosis and sodium deple- 
tion have been defined by direct analysis and by the use of isotopes, the 
precise position which sodium occupies in bone salt remains obscure. Har- 
rison (4), pointing out the association of sodium with the carbonate of 
naturally occurring apatites, suggested that it might be present as carbonate. 
Neuman et al. (5), studying fluoride uptake by bone salt in vitro, concluded 
that their data could best be interpreted by assuming that some of the 
carbonate present shared a monovalent bond with calcium, and that the 
second carbonate valence was occupied by sodium, t.e. Ca—O—CO.—Na. 

In at least two instances substantial changes occur in the sodium and 
carbonate content of bone, namely, during growth and in acidosis. It has 
long been known that bone carbonate shows a gradual but significant in- 
crease with maturation (6), and increments of bone sodium with age have 
been more recently demonstrated (7). Irving and Chute (8) found de- 
creased bone carbonate in rats undergoing oral HCl loads; acute and chronic 
sodium deprivation and acidosis have resulted in significant decrements of 
bone sodium. It therefore appeared desirable to measure both sodium and 
carbonate simultaneously in normal bone of varying age and in the bone of 
acidotic animals in order to determine whether the changes observed might 
suggest a relationship helpful in determining the position of bone sodium. 
Since previous work (7) has shown that bone also contains significant 
amounts of potassium, this cation was included in the present study. 


EXPERIMENTAL 


The method for bone analysis has been presented in detail elsewhere (7). 
Sodium, potassium, calcium, chloride, and carbonate were measured in the 
* This work was done in part during the tenure of a National Research Council 
Fellowship at the Children’s Medical Center in Boston, Massachusetts, and was 


supported in part by a grant from the National Institute of Arthritis and Metabolic 
Diseases of the National Institutes of Health, United States Public Health Service. 
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bones of normal rats of varying age and in rats depleted of sodium and made 
acidotic by intraperitoneal dialysis against ammonium chloride. Each bone 
sample comprised all of the long bones of an individual rat. The epiphyses 
were discarded and the shafts dried for 48 hours at 105° and ground in a 
mortar. Aliquots of the dry powder were used for subsequent analyses, 
Serum sodium, chloride, and water concentrations were determined at the 
time of sacrifice. 


Chemical Methods 


Bone 


Sodium and potassium were determined by internal standard flame pho- 
tometry (9). Samples of 100 to 200 mg. of powder were ashed in platinum 
crucibles at 550° and the ash dissolved in 10 per cent nitric acid. Calcium 


TABLE I 
Carbonate Values (Milliequivalents Per Gm., Dry) Obtained on Aliquots of Single 
Sample of Bone 











Titrimetric Volumetric 
1.028 
1.016 
1.043 1.044 
0.992 0.938 
Average. ....1.019 0.991 








was precipitated as the oxalate after raising the pH to 8 to 9 (brom thymol 
blue) with concentrated NH,OH. Since sodium is known to coprecipitate 
with calcium oxalate under these conditions (10), three precipitations were 
‘carried out, the supernatant fluid being removed in each instance and the 
precipitate redissolved. An appropriate amount of lithium was added to 
the pooled supernatant fluids before flame photometry was performed. 

Calcitum—The precipitate formed during the sodium and potassium anal- 
yses was washed with 2 per cent NH,OH and dissolved in 12 NH:SO,. The 
resulting solution was titrated with KMnQy,. 

Carbonate—An adaptation of the micro diffusion method of Conway was 
used. Approximately 20 mg. of dry bone powder were weighed into the 
outer well of a Conway diffusion chamber. 2.00 ml. of 0.025 n Ba(OH): 
were placed in the center well. 2 ml. of approximately 12 n H2SO, were 
added to the outer well; the chamber was then sealed and tilted gently. The 
unit was placed in a 65° oven for 30 minutes, after which titration of the 
center well was carried out with 0.100 n HCl delivered from a micro burette. 
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ade Reagent blanks were run with each set of samples and carbonate was calcu- 
one lated as the difference between blank and sample titration figures. This 
yses procedure was checked against the volumetric method of Danielson and 
ma Hastings (11) and was found to be in close agreement (Table I). 
7Ses, 
the Serum 

Sodium was measured by flame photometry (9). 
Chloride was determined by the iodometric method of Van Slyke and 
Hiller (12). 
Serum water was ascertained by the use of micro pycnometers (13). 
dho- 
1um TABLE II 
ium Data for Normal Rats of Varying Age and for Acidotic Adult Rats 
Fresh bone, m.eq. per kilo Ratios 
jle iad i” : Na+K | (COs COs 
Na K Ca CO; Ca | _ Maik 
Juvenile (8 rats) 108 34T 7500 684 0.0190 | 0.091 4.81 
(8.4)* (203 ) (25) (0.0012) | (0.003) 
Normal adult (14 | 173 30 8000 1075 = 0.0246 =|: 0.137 5.58 
rats) (5.7) (5.0) | (313) (45) | (0.0009) | (0.003) | (0.25) 
Acidotiec adult (13 | 119 10 7800 949 0.0165 0.121 7.34 
rats) (6.7) (1.9) (165) (32) (0.0009) | (0.002) (0.37) 
* Standard error. 
oa + Data from four rats only. 
mol Calculations 
tate Chloride was assumed to be extracellular. On this basis, bone water was 
_ divided into extracellular and intracellular compartments by using serum 
the chloride concentrations (Donnan correction) and total bone chloride values. 
| to Total bone sodium was corrected by subtraction of the calculated extracellu- 
lar water sodium, and the remainder was taken to represent “extra bone so- 
nal- dium” as originally defined by Harrison, Darrow and Yannet (1). A simi- 
The lar correction was made for intracellular potassium, which was estimated by 
arbitrarily assigning a value of 150 m.eq. per liter for cell water potassium 
— concentration (13). The resulting corrected cation values were expressed 
the as milliequivalents per kilo of fresh wet bone. Carbonate was not corrected, 
H): since the amount present in bone extracellular water (8 to 10 m.eq. per kilo 
ong of bone) is an insignificant fraction of the total bone carbonate content. 
The Calcium was expressed as milliequivalents per kilo of wet bone. Since the 
the degree of mineralization of bone varies widely not only with age but also 
tte. with respect to the skeletal area sampled, it was felt that the best expression 
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of relationship between sodium, potassium, and carbonate concentrations in 
bone salt could be obtained by using calcium as a standard of reference. 
Ratios of carbonate, sodium, and potassium to calcium were therefore caley- 
lated. 


Results 


Table II shows the values for each constituent in milliequivalents per kilo 
of bone and the ratios obtained. As in previous studies, carbonate and 
sodium increased with age, both in absolute amounts and in relation to 
calcium. The change in the ratio CO;:Na + K (4.81 to 5.58) was +14 
per cent. In the acidotic adult rats, Na + K:Ca decreased to 0.0165 from 
the normal adult value of 0.0246, a change of 0.008 m.eq. per m.eq. of Ca, or 
—33 per cent (p = <0.01). CO;3:Ca decreased from 0.137 in normal to 
0.121 in acidotic adult rats, a decrement of 0.016 m.eq. per m.eq. of Ca, or 
—12 per cent (p = <0.01). The ratio of CO; lost to Na + K lost is there. 
fore 0.016:0.008, or 2:1 in milliequivalents (1:1 in millimoles). The ratio 
CO;3:Na + K increased to 7.34 in the adult acidotic group from its control 
value of 5.58 in the normal adult group. 


DISCUSSION 


The finding of equimolar losses of Na + K and COs; in acidosis is in 
accord with the hypothesis of Neuman ef al. that sodium may be present 
as Ca—O—CO.—Na, since liberation of Na and CO; would then proceed 
as follows: 


(1) Ca—O—CO.—Na + HA,! — Cad, + NaHCO; 


In the normal rats, CO;: Na + K is 5.58/1 or 100/18. According to the 
hypothesis of Neuman e¢ al. (5), each 100 m.eq. of CO; (50 mm) would 
_ therefore be distributed as follows: 32 mm of CaCO; + 18 mm of Ca—O— 
CO.—Na (K) (CO; = 100 m.eq.; Na + K = 18 m.eq.). 

Replacement of 32 per cent of the Na + K as measured in the present 
acidotic group would have the following result: 





(2) 32CaCO; + 18Ca—O—CO.—Na (K) + 6HA, 
32CaCO; + 12Ca—O—CO.—Na (K) + 6CaA, + 6Na(K)HCO 


(CO; = 88 m.eq.; Na + K = 12 m.eq.) 
In this case, the ratio CO;: Na + K after acidosis would be 88/12 = 7.34. 
This ratio, as determined in the present study, was 7.34 (Table IT). The 
decrease in CO; commanded by the mobilization of 32 per cent of Na + K 


according to Equation 2 would be 12 per cent (100 to 88 m.eq.). The de- 
crease measured was 12 per cent (0.137 to 0.121, Table IT). The close 


14, = anion. 
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asin | agreement between the results obtained and those predictable from the 
nee. formula Ca—O—CO,—Na suggests that all of the Na + K present in 
lcu- bone could be accounted for by such a combination. 


SUMMARY 


1. The results of analysis of rat bone for Na, K, Ca, and CO; in normal 
kilo | animals of varying age and in acidotic animals are presented. 


and 2. The ratios CO;:Ca, CO3;:Na + K, and Na + K:Ca are indicated. 
n to 3. The changes observed following acidosis suggest that all of the Na 
+14 and K in bone is present as Ca—O—CO,—Na (K). 
rom 
1, OF It is a pleasure to acknowledge the assistance of Dr. William M. Wallace, 
il to whose suggestions initiated this work and whose guidance made possible 
A, OF its conclusion. 
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THE EXTRACTION AND PURIFICATION OF 
HYPERTENSIN (ANGIOTONIN) 


By LELAND C. CLARK, Jr., CATHERINE WINKLER, 
FRANK GOLLAN,* ann R. PHYLLIS FOX 


(From the Fels Research Institute, Antioch College, Yellow Springs, Ohio) 
(Received for publication, June 22, 1953) 


The rdle of the renin-hypertensin mechanism in the pathogenesis of renal 
hypertension is well established (1, 2). Recent evidence (3, 4) indicates 
that hypertensin is present in large amounts in the blood of individuals with 
malignant hypertension. 

Renin has recently been isolated in a highly purified form (5). Edman 
(6) has made the greatest advance in the purification of hypertensin, report- 
ing that the molecule is a polypeptide, consisting of at least eleven amino 
acids, and that its molecular weight is about 2700. Others (7, 1) have 
concluded that hypertensin is a polypeptide from studies made on purified 
material. 

The present communication deals with a relatively simple procedure for 
the extraction and purification of hypertensin in high yield, together with 
preliminary data on the composition of the purified material. 


EXPERIMENTAL 


Preparation of Renin—2 kilos of desiccated, defatted kidney cortex (Vio- 
Bin Corporation, Monticello, Illinois) are added with stirring to 10 liters 
of 0.9 per cent sodium chloride containing 0.5 per cent sodium bicarbonate. 
The addition of 2 ml. of Tween 20 assists in the extraction of the renin and 
in wetting the powder. The suspension is incubated, with occasional stir- 
ring, at 4° for 48 to 60 hours. The pH is then adjusted to 3.0 by the slow 
addition of 20 per cent trichloroacetic acid (8) to the well stirred mixture. 
The slurry is filtered in the cold by gravity (overnight), and the filtrate is 
transferred to dialysis bags (about 100 feet of 24 by 32 inch viscose tubing) 
and dialyzed for 6 hours against cold running tap water, followed by 12 
hours dialysis against ice-cold 0.9 per cent saline or until the pH of the 
tubings contents is above 6.5. The solution, after assay, is stored in poly- 
ethylene bottles at — 20°, where it is stable almost indefinitely. Such solu- 
tions contain about 1 dog unit per ml. 

Preparation of Crude Hypertensin—50 kilos of freshly thawed plasma are 
mixed with 5 liters of renin solution and incubated at 4° for 30 to 60 hours, 
or until assays indicate that the maximal yield of hypertensin has been ob- 


* Present address, Veterans Administration Hospital, Nashville, Tennessee. 
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tained. The citrated bovine plasma used in this investigation was shipped 
to us in the frozen state in 55 gallon drums from Wilson and Company, 
Inc., Chicago, Illinois. The incubation of renin and plasma was some- 
times conducted at 37° for 15 minutes. Incubation in the cold, a more 
convenient procedure, is based upon the finding of Bean (9), confirmed 
many times here, that ‘“hypertensinase’’ activity is essentially abolished 
near 0°, while renin remains active, as reported by Sapirstein et al. (10), 

After incubation, the mixture is adjusted to pH 4.5 and steam is bubbled 
into the solution so that the temperature reaches 90° within 4 minutes, at 
which it is maintained for a few minutes. The slurry is then filtered, while 
hot, by gravity with large gauze squares and coarse paper. The clear 
yellow filtrate is frozen or rapidly concentrated in a large capacity vacuum 
still to one-tenth its volume, after which it is frozen. The filtrates, which 
have a pH between 4 and 4.5, are stable for months in the frozen state, 
but rapidly lose activity at room temperature, presumably as a result of 
bacterial contamination. Polyethylene bags are cheap, convenient con- 
tainers in which to freeze such solutions. — 

Bioassay of Renin and Hypertensin—The pressor activity of the solutions 
is tested by injecting suitable aliquots into the jugular vein of cats anes- 
thetized with chloralose (100 mg. per kilo intraperitoneally). Blood pres- 
sure is recorded from the carotid artery. The animals are treated with 
cocaine (15 mg. per kilo subcutaneously), which makes them relatively 
insensitive to tyramine (11). Occasional cats which show poor response 
to hypertensin are treated with tetraethylammonium chloride (10 mg. in- 
travenously) (12). 

A cat unit is arbitrarily defined here as that amount of hypertensin which 
produces a 26 mm. Hg rise in arterial pressure, as described below. Un- 
known samples are repeatedly tested in the same animal by alternating 
with a hypertensin standard and adjusting the amount of the unknown 
until it gives the same rise as the standard. Critical assays are repeated 
on several cats and the results averaged. 

Hypertensin Standard—A large batch of unconcentrated filtrate was di- 
vided into 20 ml. portions, frozen in plastic bottles, and stored at —35°. 
Aliquots were thawed as needed, and the remainder was discarded after | 
day’s use. 0.5 ml. of this solution has been defined as 1 cat unit and gives 
a mean increase in arterial pressure of 26.1 mm. of Hg (108 animals); with 
most cats a response is obtained between 20 and 35 mm.' The activity of 
this preparation has remained unchanged over a period of several years. 


! Assays of aliquots of our hypertensin standard (unconcentrated filtrate) show 
that 5 cat units are equivalent to 1 dog unit as defined by Goldblatt (2). The ratio 
of 5 cat units to 1 dog unit was maintained during the purification. We are indebted 
to Dr. Harry Goldblatt and Dr. Erwin Haas for these assays. 
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Extraction of Hypertensin—The procedure is based upon the discovery 
that hypertensin is quantitatively extracted by n-butanol from salt-satu- 
rated aqueous solutions at pH 1.5 (13). The thawed filtrates are extracted 
several times with peroxide-free ether by shaking in a separatory funnel or 
by continuous extraction in a Koch type extractor, in order to remove the 
majority of the lipides. The aqueous fraction is saturated with sodium 
chloride, at room temperature, by adding finely powdered salt and stirring 
the solution. A preliminary extraction with butanol, after adjustment to 
pH 8, was sometimes conducted to remove impurities, but this step was 
later eliminated from the routine procedure. The aqueous phase is ad- 
justed to pH 1.5 with 6 N HCl and extracted once with 0.25 volume and 
three times with 0.125 volume of butanol. The emulsions are separated 


TaBLeE | 





Precipitation of Hypertensin by Ether 

















T ; Parts ether added to | Original activity Parts ether added to Original activity 
ube No. | 10 parts MeOH precipitated 10 parts BuOH precipitated 
per cent per cent 

1 | 5 0 2 0 

2 7 | 0 5 4 

3 10 | 11 10 25 

4 15 | 9 20 74 

5 | 20 } 28 30 99 

6 50 | 100 | 40 100 

7 100 | 100 | 

8 


150 100 








by centrifugation, and the butanol is stored at —20°. For solubility stud- 
ies aliquots of these butanol solutions were distilled to dryness in vacuo. 
Precipitation of Hypertensin—The dry, crude hypertensin is insoluble in 
anhydrous ether, anhydrous acetone, petroleum ether, ethyl acetate, chlo- 
roform, and benzene. It is very soluble in water, anhydrous methanol, 
anhydrous and 95 per cent ethanol, and water-saturated n-butanol. 
Hypertensin is precipitated from 15 per cent water-85 per cent n-butanol, 
and from anhydrous methanol, by ether. In order to determine the com- 
pleteness of this precipitation, varying quantities of ether were added to 
the alcohol solution of the hypertensin, and the mixture was stirred and 
centrifuged at —20° for 30 minutes at 2000 r.p.m. The supernatant sol- 
vent was decanted from the precipitate while still at —20° and evaporated 
todryness. The activity in the supernatant fluid and the precipitate was 
measured. The results, shown in Table I, indicate that hypertensin activ- 
ity can be precipitated quantitatively from alcohol solutions by this means. 











720 EXTRACTION OF HYPERTENSIN 


The precipitates from methanol solutions are usually white and flocculent, 
while occasionally the precipitates from the butanol are somewhat gummy, 
The fact that ether precipitates hypertensin quantitatively from the n-by- 


HYPERTENSIN FILTRATE 
2500 mi. H-39 
5000 cat units ,36.8 gm. 


Adjust pH 1.5 
Saturate with salt Lipids 











Aqueous 
1000 mi.Bu0H 
5400 c.units 
671 mg. 

Distil to dryness 

Add 25 mi. buh 

Add lOO mi. ether 

Cool to -20°C 

! 


— 
Precipitate Supernatant 
4600 units 70 units , 578mg. 
91.4 mg. 

Dissolve in |O mi. water 

Pass over resin IR-IOOH 

Elute with |Omi. portions water 


| | 

| 2 3 4 5 6 
Lyophilize, dissolve in 5mi. BuOH, 
add 20 mi. ether, chill to 20°C. 
1 











vy 


Discard supernatant 


2 3 4 5 No. 
65 153 46 14 O58 Weight,mg. 
1900 1770 335 90 O. Activity,units | 
87 86 13.7 155 — Microgroms per unit 


Fic. 1. Extraction and purification of hypertensin. The distillation of the orig- 
inal n-butanol extract has been eliminated in work done recently; instead the hyper- 
tensin activity is precipitated directly from the butanol by the addition of ether. 
Use of the IR-100-H resin for desalting followed a study of several other resins for 


this purpose; more recently Dowex 2 has been used. 
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tanol solution makes it possible to effect a great purification in a single step 
under very mild conditions. The precipitates usually contain sodium chlo- 
ride, which is difficult to separate by reprecipitation and must be removed 
by other means, such as passage over a suitable ion exchange resin. 
Analysis of Product—A typical flow diagram is presented in Fig. 1, giv- 
ing weights and bioassays of the various fractions. Passage over resin 
IR-100-H has been used to remove sodium ions. The original filtrate con- 
tained 36.8 gm. of solids, while the active fractions, Nos. 1 to 5, had a total 
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0.7 OPTICAL SAMPLE 














DENSITY 
ost P-70 
O.5+% MIXTURE OF 

FRACTIONS | and 2 
0.4L 
0.3 
0.21 
O.1F 

WAVELENGTH my 
re) L —" 1 1 lL a 1 1 lL 1 1 
240 260 280 300 320 340 


Fic. 2. Ultraviolet absorption spectra. The samples were dissolved in distilled 
water and were near neutrality. Spectra obtained after acidification with hydro- 
chlorie acid were very similar in shape to the above. Absorption was measured in a 
Beckman model DU spectrophotometer with 1 em. quartz cells. The solution of 
Sample P-70 contained 56 units per ml. and 47 y of nitrogen per ml. The solution of 
Fractions 1 and 2 contained 36 units per ml. and 30 y of nitrogen per ml. 


weight of 38.3 mg., representing a 1000-fold purification. The total activ- 
ity recovered was 4095 units or 82 per cent of the original, most of the loss 
occurring in passage over the resin. Fractions 1 and 2 were reprecipitated 
from butanol with ether and weighed 11.0 and 9.3 mg., respectively, when 
dried over P2O;.in vacuo. 
After drying over P.O; at room temperature, in vacuo, the following 
analysis was obtained. 
Fraction 1. C 50.82, H 7.49, N 9.35, ash 3.90 
“2. 50.87, 7.34, * 10.17 2.90 
Fraction 1 softened at 170—178°, and Fraction 2 softened at 162-175°. 
A sample (P-70) prepared essentially according to Fig. 1, starting with 











fae EXTRACTION OF HYPERTENSIN 


12,000 units, softened at 169-176°. All samples gradually charred with 
increasing temperatures without ever clearly melting. 

The pressor activity of the product rapidly disappeared upon incubation 
with crystalline trypsin (Enzar, Armour and Company) in 0.1 m phosphate 
buffer at pH 7.4. Incubation with autoclaved trypsin had no effect. 

The ultraviolet spectra of Fractions 1 and 2 combined and of the Sample 
P-70 are given in Fig. 2. Lack of sharp absorption in the range of 270 mg 
would indicate that the amount of aromatic compounds, such as tyrosine, 
must be relatively low. The spectra are qualitatively similar to those re- 
ported by Edman (6). 

The infra-red spectrum of Sample P-70, for which 1 unit weighed ap. 
proximately 6 7, is shown in Fig. 3. The infra-red spectrum of Fraction 3 





: HYPERTENSIN (P-70) 
a a 
40 | { if L\ Ff, 
20;— —_! 
. a or WAVELENGTH IN MICRONS 
% 3s 45 6789DN RS 4 6 
Fic. 3. Infra-red absorption spectrum. The sample of hypertensin, perhaps con- 
taminated with a trace of sodium chloride, was made into a mineral oil mull. The 
compensating cell of the Perkin-Elmer model 21 spectrophotometer was filled with 
mineral oil. 
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PER CENT TRANSMISSION 
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(Fig. 1) was almost identical with that shown. These spectra rule out the 
possibility that the pressor substance isolated was either tyramine or 
. serotonin’ (14, 15) and suggest that the substance is a polypeptide.’ 
Aliquots of reprecipitated hypertensin when subjected to 17 hours hy- 
drolysis in 6 N HCl at 105° consistently show an enormous increase in the 
amount of color given by the ninhydrin test. For example, the color in 
the ninhydrin test (16) for an aliquot of Sample P-70, having 3 cat units, 
increased from the equivalent of 0.3 y to 10 y of leucine after hydrolysis. 


DISCUSSION 


Hypertensin can be prepared in highly purified form by the two rela- 
tively simple steps of extraction with butanol and precipitation with ether. 


* We are indebted to Dr. Merrill E. Speeter for a generous sample of serotonin 
creatinine sulfate. 

* We are indebted to Dr. H. Knorr and Dr. P. Rothemund of the Charles F. Ket 
tering Foundation for the Study of Chlorophyll and Photosynthesis for performing 
the infra-red analysis. Dr. Jack Kahler, Dr. Richard Morin, and Dr. Fred Ben- 
ington very kindly assisted in the interpretation of the record. 
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Both the extraction and precipitation can readily be carried out at low 
temperatures. 

The activity originally present in the renin-plasma incubation mixture 
can be recovered in over 70 per cent yield, with a 1000-fold purification. 
Although proportionally larger losses may occur in desalting with the ion 
exchange resins studied so far, they do not reduce the total yield to less 
than 50 per cent. The procedure may lend itself to the extraction of hy- 
pertensin from the blood of hypertensive animals and patients. 

Edman reports an over-all yield of about 3 per cent of the original activ- 
ity by procedures which involve concentration by vacuum distillation and 
exchange or adsorption on aluminum oxide columns. Most of his losses 
he ascribes to the chromatographic procedures. 

Our most potent preparation to date weighs about 6 y per cat unit. Dif- 
ferences in assay procedures make it difficult to compare the purity of our 
product with that of Edman. However, with tyramine as a standard (in 
non-cocainized cats), our preparation (Sample P-70) has a pressor activity 
equivalent to 5.8 mg. of tyramine hydrochloride per mg., while Edman’s 
best preparation has an activity of 39 mg. of tyramine phosphate per mg. 
of dry substance. The majority of his chromatographic fractions is listed 
as having activity of between 5 and 15 mg. of tyramine phosphate per mg. 
We agree with Edman that tyramine is not a satisfactory reference stand- 
ard because of the differences in pressor response to hypertensin and tyra- 
mine in different cats, as well as at different times in the same animal. 

Attempts are being made to purify hypertensin further and to character- 
ize it in terms of amino acid composition. 


SUMMARY 


Hypertensin, prepared by incubation of hog renin and beef plasma in 
the cold, followed by steam coagulation and filtration, may be extracted 
quantitatively into n-butanol by adjusting the filtrate to pH 1.5 and satu- 
rating the filtrate with sodium chloride. Addition of 4 volumes of ether 
to the butanol extract, followed by centrifugation at low temperature, pre- 
cipitates the activity in high yield. These steps result in a 1000-fold puri- 
fication and yield over 70 per cent of the original activity. Reprecipitation 
from methanol or butanol with ethyl ether brings about further purifica- 
tion. The final-product has the characteristics of a polypeptide as judged 
by ultraviolet and infra-red spectra, carbon, hydrogen, and nitrogen anal- 
ysis, trypsin inactivation, and ninhydrin color tests on the acid-hydrolyzed 
material. 
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PYRUVATE AND a-KETOGLUTARATE METABOLISM IN 
THIAMINE DEFICIENCY* 


By RITA C. WRIGHT anv E. M. SCOTT 


(From the Arctic Health Research Center, United States Public Health Service, 
Anchorage, Alaska) 


(Received for publication, August 28, 1953) 


One obvious explanation for the effect of high fat diets in lowering the 
requirement for thiamine has been that fat metabolism does not require 
thiamine, while carbohydrate metabolism does. This explanation finds 
considerable support in one of the known functions of thiamine pyrophos- 
phate. According to current theory, carbohydrate is oxidized to pyruvate, 
and pyruvate must be decarboxylated for further oxidation by way of the 
citric acid cycle. Fatty acids, on the other hand, are oxidized to form a 
2-carbon compound and can undergo further oxidation in the citric acid 
cycle without a decarboxylation step. Since thiamine pyrophosphate is 
necessary for oxidation of pyruvate, probably in the decarboxylation step, 
thiamine-deficient animals might be able to maintain a more nearly normal 
metabolism on a diet high in fat. 

If this explanation is correct, thiamine deficiency should not affect to 
any great extent other metabolic reactions in which fat is involved. Ac- 
cording to present knowledge, however, thiamine pyrophosphate is a co- 
enzyme for a-ketoglutarate metabolism (1-4), and fat requires for its 
complete metabolism the oxidation of a-ketoglutarate as an intermediate 
step. 

The present experiments compare the effects of thiamine deficiency on 
a-ketoglutarate oxidation and on pyruvate oxidation. The results are in 
accord with the concept that the effect of high fat diets on thiamine de- 
ficiency is due to the maintenance of a more nearly normal metabolism. 


Methods 


Animals—Weanling rats were fed one of two diets: normal diet, 24 per 
cent casein (vitamin-free), 20 per cent fat (hydrogenated vegetable oil), 
4 per cent salt mixture (5), and 52 per cent sucrose; high fat diet, 60.5 per 
cent fat, 34 per cent casein, and 5.5 per cent salt mixture. Enzyme prep- 
arations from the animals on a high fat diet did not differ in properties 
from those on the normal diet, but the animals on the high fat diet were 
larger and lived longer. Vitamins were fed separately as pills five times 

* Presented at the 122nd meeting, American Chemical Society, Atlantic City, 
New Jersey, September 14-19, 1952. 
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weekly. Each pill contained 150 y of riboflavin, 150 y of pyridoxine hy- 
drochloride, 250 y of calcium pantothenate, 10 mg. of choline chloride, 0.5 
mg. of niacin, 0.5 mg. of p-aminobenzoic acid, 2.5 mg. of inositol, 5 y of 
biotin, 5 y of folic acid, 100 y of menadione, 0.05 y of vitamin By, 1 mg, 
of a-tocopherol, 65 i.u. of vitamin A, and 13 i.u. of vitamin D. Normal 
animals received a pill containing, in addition to the above, 50 y of thi- 
amine hydrochloride. After 3 to 6 weeks on the diets, the tissues of a 
normal and of a deficient animal of the same age were tested for enzy- 
matic activity. 

Homogenates—Whole homogenates were prepared in 9 volumes of iso- 
tonic potassium chloride. Washed homogenates were prepared by disinte- 
gration in 9 volumes of isotonic sucrose, followed by centrifugation at 600 
xX g for 10 minutes. The supernatant fluid was decanted, made 0.04 » 
with magnesium chloride, and centrifuged for 10 minutes at 2200 x 4g. 
The precipitate was twice resuspended in 0.04 m magnesium chloride and 
reprecipitated by centrifuging at 2200 X g for 5 minutes. 

Oxygen Uptake—With whole homogenates, each Warburg flask contained 
0.4 ml. of 10 per cent homogenate, 9 X 10-* m cytochrome c, 0.002 m ade- 
nosinetriphosphate, 2.5 X 10-* m diphosphopyridine nucleotide (side arm), 
0.01 m nicotinamide, 0.01 m potassium bicarbonate, 0.01 M magnesium 
chloride, 0.01 mM potassium phosphate buffer (pH 7.35), 0.033 m potassium 
chloride, and 0.0167 m sodium pyruvate or a-ketoglutarate. The bath 
temperature was 30°. Substrate and enzyme were equilibrated together, 
the side arm was tipped in at zero time, and readings were taken for 30 
minutes. 

With washed homogenates, each flask contained homogenate (0.2 to 0.6 
mg. of nitrogen per ml.), 3 X 10-* m cytochrome c, 0.002 m adenosinetri- 
phosphate, 1.0 X 10-* m diphosphopyridine nucleotide, 0.01 M nicotina- 
- mide, 0.01 m potassium bicarbonate, 2.7 X 10-* mM magnesium chloride, 
0.033 m potassium phosphate buffer (pH 7.35), and 0.0167 m substrate. 
The bath temperature was 30°. All components were equilibrated to- 
gether for 10 minutes, and readings were taken for 30 minutes. Oxygen 
uptakes in the absence of substrate were subtracted from those obtained 
with substrate, although the former were usually negligible. 


Results 


The effects of thiamine deficiency and thiamine pyrophosphate supple- 
mentation on tissue homogenates are shown in Table I. In general, oxy- 
gen uptake was lowered by thiamine deficiency, the greatest decrease 
occurring in the presence of pyruvate. Added thiamine pyrophosphate 
had no appreciable effect on normal tissue homogenates except in one case. 
With deficient animals, thiamine pyrophosphate increased oxidation by 
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liver in the presence of pyruvate, but had no effect on endogenous oxida- 
tion or on oxidation in the presence of a-ketoglutarate. With kidney 
homogenates, all three oxidations were increased by the added coenzyme, 
The greatest increase in oxidation occurred in the presence of pyruvate, 
while the increase with a-ketoglutarate was not significantly greater than 
that with no substrate. Oxidation in the presence of a-ketoglutarate was 


TaBLe II 
Oxygen Uptake of Washed Liver Homogenates of Normal and Thiamine-Deficient 
Animals 


Thiamine pyrophosphate (TPP) concentration, 3 X 10-4 m. 


Substrate Sew | as... SSI | Mase 
| per cent of normal} per cent of normalt per cent of normalt 
a-Ketoglutarate. ... 125 92+ 9 —-6+ 6 5+ 6 
L-Malate..... : 124 9+ 9 2+ 4 5+ 5 
Oxalacetate...... 72 13 + 18 69 + 31 129 + 20 
Pyruvate 134 sla 5 —§+ 5 59 + 4 
pL-Lactate. . 125 60 + 10 1a 5 41 4+ 7 
Acetaldehyde. .. 97 83 + 10 34 7 10+ 7 
Octanoate$. . 170 95 + 11 -13 + 5 -8+ 9 
L-Proline. . 157 128 + 13 1+ 6 —34 7 
L-Glutamate Bs Bis 195 lis + 9 {+ 4 —7+4+ 4 
Succinate]]...... 386 125 + 19 
Citrate... 125 98 + 16 


* Microliters of oxygen per hour per mg. nitrogen. 

+ Mean and standard error of the mean of ten determinations. 

¢ Five determinations. Increase (positive) or decrease in oxygen uptake pro- 
duced by adding TPP, expressed as per cent of oxygen uptake of normal washed 
liver homogenate. 

§ Substrate concentration, 6.7 X 10™' Mm. 

|| Each flask contained phosphate buffer 0.033 m, cytochrome c 3 X 10-6 M, succinate 
0.0167 mM, and homogenate 0.1 to 0.3 mg. of N per ml. 





increased by added thiamine pyrophosphate to about the same extent in 
homogenates of both normal and deficient heart. 

Because of the magnitude of endogenous oxygen uptake in whole ho- 
mogenates, it was believed that more conclusive results might be obtained 
with washed homogenates. These were prepared from liver and tested 
with a number of substrates, as shown in Table Il. The oxidation of 
pyruvate and two substrates closely associated with pyruvate was de- 
creased by deficiency, and only the oxidation of these was increased by 
thiamine pyrophosphate. Since the equilibrium of the lactate-pyruvate- 
lactic dehydrogenase system favors lactate, further oxidation of pyruvate 
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js necessary for optimal oxidation of lactate. Oxalacetate must be de- 
earboxylated to pyruvate, and the latter oxidized, before oxygen uptake is 
observed with this substrate. However, oxalacetate resulting from malate 
oxidation was apparently decarboxylated or oxidized so rapidly that it 
did not inhibit malate oxidation. Oxalacetate oxidation by normal liver 
homogenates was increased by added thiamine pyrophosphate. 

The results of a more extended series of experiments with liver and other 
tissues are presented in Table III. In all tissues except brain, thiamine 


Taste III 
Oxygen Uptake of Washed Tissue Homogenates of Normal and Thiamine-Deficient 
Animals 


Thiamine pyrophosphate (TPP) concentration, 3 X 10-4 m. 


Substrate Liver | Kidney Heart Brain 
‘ : — Rien ection 

0, uptake, normal, Pyruvate 145 51 838 | 183 
tissues, Qo, (N)) a-Ketoglutarate 161 280 399 | 129 

0, uptake, defi Pyruvate 30 +9)| 29+ 2 is +23 | 8+8 
cient tissues, % a-Ketoglutarate 5548) 524 29) 63 + 32 | 92+ 8 
of normal | 

Effect of TPP on Pyruvate —74+4| 87 + 46 | 6+ 6|-3+7 
normal tissues, a-Ketoglutarate IS+4|] 7+ 10 | 22+ 14| -1+ 4 
% of normal* | 

Effect of TPP on | Pyruvate 39 + 4 | 142 + 54 | 44+ 71|-3+3 
deficient tis- a-Ketoglutarate 10+2|) 2+ 6) - + 11 | —-4+4 
sues, % of nor- 
mal* 

No. of determi- 20 | 5 5 5 
nations 








* Increase (positive) or decrease in oxygen uptake produced by adding TPP to 
the washed homogenate, expressed as per cent of oxygen uptake of normal washed 
homogenates. 


deficiency resulted in decreased pyruvate oxidation, which was stimulated 
by added thiamine pyrophosphate. Oxidation of a-ketoglutarate was low 
in all cases except in brain, and did not respond to added thiamine pyro- 
phosphate. Actually, however, the coenzyme did activate a-ketoglutarate 
oxidation by both normal and deficient liver tissues. Sanadi et al. have 
found an activation of a-ketoglutaric dehydrogenase by thiamine pyro- 
phosphate, which they suggested was non-specific, since it could only be 
demonstrated by one of three methods of determination (3). If activation 
by thiamine pyrophosphate of a-ketoglutarate oxidation in washed liver 
homogenates was calculated as the per cent increase instead of per cent of 
normal oxygen uptake, normal liver was activated 18 per cent and deficient 


XUM 





730 METABOLISM IN 








THIAMINE 


DEFICIENCY 














TaBLe IV 
Oxidation of Lactate and Pyruvate by Washed Liver Homogenates of Thiamine-Deficien 
Rats 
Qo: (N)* 
Substrate Added thiamine pyrophosphate 
0 7X 107 7X 10-5 
Re eee 21 + 10 51 + 3 73 + 6 
Pyruvate. 84 4 51 + 6 66 + 10 
Lactate + pyruvate. 19+ 6 56 + 73+ 8 
* Mean and standard error a the mean of five devensbialions. 
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TIME IN MINUTES 


Fig. 1. Time-course of activation of pyruvate and a-ketoglutarate oxidation by 


washed homogenate of thiamine-deficient rat liver. 


O, a-ketoglutarate; 


Average of five experiments. 
@, pyruvate; dash lines, no thiamine pyrophosphate; solid 


lines, 0.7 X 10-5 m thiamine pyrophosphate added from the side arm at zero time. 
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liver 19 per cent by thiamine pyrophosphate. Since on this basis thiamine 
pyrophosphate activated a-ketoglutarate oxidation by both normal and 
thiamine-deficient animals to the same extent, the non-specific nature of 
this activation seems confirmed. 

The enzyme systems used in these studies contain active lactic dehydro- 
genase, and, because the lactate-pyruvate-dehydrogenase equilibrium fa- 
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MOLAR THIAMINE PYROPHOSPHATE CONCENTRATION X 10° 


Fig. 2. Effect of added thiamine pyrophosphate on pyruvate oxidation by washed 
liver homogenate of thiamine-deficient rats. Average of five experiments. 


vors lactate, added pyruvate disproportionates to a considerable extent. 
It was thought possible that this might make pyruvate appear more sensi- 
tive to thiamine deficiency than a-ketoglutarate is. The results in Table 
IV indicate that disproportionation does occur with pyruvate, tending to 
decrease oxygen uptake by pyruvate in the absence of thiamine pyrophos- 
phate. However, there is still a marked effect of thiamine pyrophosphate 
with lactate alone or pyruvate plus lactate, and consequently the differ- 
ence between the effects of thiamine pyrophosphate on pyruvate and 
a-ketoglutarate oxidation must have another explanation. 
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A study was made of the time-course of thiamine pyrophosphate activa- 
tion of washed homogenates with pyruvate and a-ketoglutarate. As shown 
in Fig. 1, there was no appreciable lag period in either oxidation. Conse- 
quently, any combination of thiamine pyrophosphate and enzyme, if it 
occurred, must have been very rapid. 

The effects of thiamine pyrophosphate concentration on washed ho- 
mogenates of rat liver are presented in Fig. 2. The results suggest a 
dissociation equilibrium, but, because of disproportionation, it was not 
possible to caleulate a Michaelis constant for the dissociation. 


DISCUSSION 

The above results show that the effects of thiamine deficiency on pyru- 
vate oxidation and on a-ketoglutarate oxidation are different. Using 
thiamine-deficient animals, we have been unable to obtain evidence that 
thiamine pyrophosphate is a coenzyme of a-ketoglutarate oxidation. 
Previous results indicating that thiamine pyrophosphate is required for 
a-ketoglutarate oxidation are as follows: Barron et al. found that. this 
coenzyme stimulated a-ketoglutarate oxidation by thiamine-deficient tis- 
sues (1). While we could not confirm this by our methods, it may have 
been, as these authors cautioned, because our animals were not sufficiently 
deficient. Stumpf, Zarudnaya, and Green reported a thiamine pyrophos- 
phate-dependent a-ketoglutaric oxidase (2). While the a-ketoglutaric oxi- 
dase of Sanadi ef al. was stimulated by thiamine pyrophosphate by only 
one method of determination, and consequently this was considered a 
non-specific activation, the purified enzyme contained bound thiamine 
pyrophosphate (3). Reed and DeBusk have reported a thiamine pyro- 
phosphate-lipoic acid conjugate to be necessary for a-ketoglutarate oxida- 
tion in bacterial cells (4). 

To explain the difference between pyruvate and a-ketoglutarate oxida- 

‘tion in thiamine deficiency, it might be assumed that thiamine pyrophos- 
phate was much more tightly bound by a-ketoglutaric dehydrogenase than 
by pyruvie dehydrogenase. It is known that in extreme thiamine de- 
ficiency not all thiamine or thiamine pyrophosphate is depleted from the 
tissues (6). The fraction that remains might be associated with a-keto- 
glutaric dehydrogenase, while the more easily depleted portion could be 
associated with pyruvic dehydrogenase. 

Another possible explanation for the difference in thiamine pyrophos- 
phate requirement for pyruvate and a-ketoglutarate oxidation in thiamine 
deficiencies may be a difference in what constitutes the rate-limiting step 
in the two oxidations. The limiting step in pyruvic dehydrogenase in 
these studies is the thiamine pyrophosphate-requiring step. In a-keto- 

glutaric dehydrogenase, the system catalyzing the thiamine pyrophosphate- 
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tiva- requiring step may be in great excess, and hence the effects of deficiency of 
10Wn | thiamine pyrophosphate cannot be demonstrated because another step 
ynse- | |imits the rate of oxygen uptake. 

if it Regardless of the mechanism, pyruvate oxidation is more depressed in 
thiamine deficiency than is a-ketoglutarate oxidation. This is consistent 
-ho- | with the view that fat in the diet alleviates the symptoms of thiamine 
st a deficiency by allowing a more nearly normal metabolism, since fat by- 
hot | passes the oxidation of pyruvate. 





SUMMARY 
In thiamine-deficient tissues of rats, oxidation of pyruvate is depressed, 
yTu- | and it can be stimulated by addition of thiamine pyrophosphate. In the 
Sing ' game tissues, oxidation of a-ketoglutarate is not so greatly lowered, and 
that specific stimulation by addition of thiamine pyrophosphate could not be 


tion. | qemonstrated. 

1 for | These results are consistent with the view that fat in the diet alleviates 
this | the symptoms of thiamine deficiency by allowing more nearly normal 
 tis- | metabolism, since the oxidation of fat, unlike that of carbohydrate, by- 
have | passes the oxidation of pyruvate. 
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A NEW NUCLEOTIDE AND A NEW POLYNUCLEOTIDE 
FROM BACTERIOPHAGE NUCLEIC ACID 


By LAWRENCE L. WEED ann THOMAS A. COURTENAY 


(From the Department of Bacteriology, Army Medical Service Graduate School, Walter 
Reed Army Medical Center, Washington, D. C.) 


(Received for publication, July 13, 1953) 


Deoxyribonucleic acid (DNA) derived from most biological materials 
contains principally the four bases thymine, cytosine, adenine, and guanine. 
Studies by Wyatt and Cohen (1) on the deoxyribonucleic acid of the bac- 
terial virus, T2r*, have revealed the absence of one of these, cytosine, and 
the presence of a new base, hydroxymethylcytosine, in its place. This 
communication deals with the isolation and identification of a nucleotide 
and a polynucleotide, also from bacterial virus, which on hydrolysis yield 
this new pyrimidine base. 


Methods 


Bacteriophage, the source of the new nucleotide, was obtained from Dr. 
John Spizizen of Sharp and Dohme, West Point, Pennsylvania. The 
virus, T2r+, was grown in a B strain of Escherichia coli, purified after lysis 
by differential centrifugation, lyophilized, and extracted by procedures 
described below. 

Sperm DNA, the source of the cytosine deoxyriboside diphosphate, was 
obtained from commercial sources (Nutritional Biochemicals Corpora- 
tion). 

Preparation of Nucleotides—The DNA components derived from bac- 
teriophage by hot trichloroacetic acid extraction (2) and the sperm DNA 
were hydrolyzed in 1 N HCl to the pyrimidine nucleotides and purine bases 
(3,4). These components were separated by paper chromatography in a 
70 per cent aqueous solution of tertiary butyl alcohol made 0.8 n with HCl 
(5). The material with an R, of 0.6, which ordinarily consists of cytosine 
deoxyriboside diphosphate, was eluted from the paper chromatogram, ex- 
amined spectrophotometrically, made alkaline to a pH of 8, and put on a 
Dowex 1 chloride column. The column was then eluted with increasing 
concentrations of HCI as previously described (6), and the eluates obtained 
with each concentration of acid were collected in 10 ml. portions until no 
more ultraviolet-absorbing material was obtained. Eluates with 0.01 n 
HCl from the column contained cytosine deoxyriboside diphosphate, when 
sperm DNA was used as the starting material, and the new nucleotide 
when virus nucleic acid was used. In both cases the 0.1 N HCl eluates 
contained the polynucleotides described below. 
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The eluates with 0.01 Nn HCl were combined, as were the 0.1 N HCl ely. 
ates, evaporated to a small volume, and placed on paper strips for further 
analysis and purification by paper electrophoresis. For this latter step 
we used a modification of the Markham and Smith method (7) described 
for ribonucleotides. The material to be studied was placed in a band 9 
em. from the base of a 32 X 8 cm. strip of Whatman No. 1 filter paper, 
The ends of the paper were placed in separate containers of 0.05 m am. 
monium acetate buffer, and 325 volts at a current of 3.6 ma. were applied 
across the system. After 2 hours the paper was removed and examined 
for bands by a model SL ultraviolet Mineralight lamp. The bands were 
eluted separately and the eluates studied spectrophotometrically and chem- 
ically. 

Nitrogen Determinations—Nitrogen determinations were made by a 
modification of White and Long’s method (8) in which digestion is carried 
out in a sealed tube. The sample, containing approximately 5 y of nitro- 
gen, was pipetted into a Pyrex tube measuring 50 mm. in length and 6 mm. 
in diameter. (Standards, set up in similar tubes, were carried through 
the entire procedure.) Each tube was brought to dryness, 0.05 ml. of 
concentrated sulfuric acid was added, and the tube sealed with a flame. 
Digestion was carried out in an oven at 470° for 30 minutes. The tube 
was then broken and dropped into 4 ml. of 0.01 per cent chilled gum ghatti 
solution. This was placed in an ice bath and 2 ml. of Nessler’s reagent 
were added. The color was allowed to develop overnight at room tem- 
perature, and readings were taken at 450 my in the Beckman spectropho- 
tometer. 

Phosphorus Determinations—The Gomori modification (9) of the Fiske 
and Subbarow method was used. 


Results 


Isolation and analysis of the cytosine deoxyriboside diphosphate have 
been described elsewhere (6). A detailed discussion of the new virus nu- 
cleotide will be given here. 

In the first step of the chromatographic separation of the pyrimidine 
nucleotides and purine bases of bacteriophage nucleic acid, eluates from 
the paper containing the band with an RF, of 0.6 gave an absorption maxi- 
mum of 278 mu. Both the absorption maximum and the RP» value agreed 
well with those of cytosine deoxyribotide, and, indeed, the material from 
the virus was considered as such in the past (4). However, if the eluate 
is placed on a Dowex 1 chloride column, two different substances are ob- 
tained, one by elution with 0.01 nN HCl and another with 0.1 n HCl, as 
shown in Fig. 1. The material eluted with 0.01 n HCl has a maximum of 
282 to 283 mu, and that which is eluted with 0.1 Nn HCl has a maximum of 





274 u 
mum 
expec 
Ma 
mp al 
indice 
cytos 
Th 
were 
em. f! 
terial 


Fr 
band 


maxi 
hydr 
sine. 
prep 
at 2% 
with 

PI 
abo 
gen, 
tion 
the | 
per: 
10,7 

Ir 


L. L. WEED AND T. A. COURTENAY 737 


ely. | 274my. Thus, equal amounts of the two substances would give a maxi- 
rther mum of 278 my, as does cytosine deoxyribotide, a component normally 
step expected in DNA. 

ribed Material eluted with 0.01 Nn HCl gave a flattened peak at 282 to 283 


nd 9 mz and a changing 280 myu/260 my ratio in succeeding column eluates, 
aper. indicating lack of purity. Similar flattened peaks had been obtained with 
am- cytosine deoxyriboside diphosphate in the past. 

plied The above material was purified by paper electrophoresis, and two bands 
ined | were obtained, one at 11 cm. and one containing much less material at 9 
were em. from the base-line. The spectrophotometric curve in acid of the ma- 














hem- terial from the 11 em. band is shown in Fig. 2, Curve 2. The absorption 
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Fiske Fig. 1. Separation by a Dowex 1 chloride column of two components from a single 

band of a paper chromatogram, Re 0.6, of the hydrolysate of bacteriophage DNA. 

maximum is at 283 my, and the 280 my/260 my ratio is 2.36. Formic acid 
have hydrolysis of this nucleotide yielded the single base, hydroxymethylcyto- 
s nu- sine. Spectrophotometric studies of cytosine deoxyriboside diphosphate 


prepared in a similar way from sperm DNA had an absorption maximum 
idine at 280 my and a 280 mu/260 mu ratio of 1.99, which is in good agreement 
from with 2.05 recently published by Dekker, Michelson, and Todd (10). 


naxi- Phosphorus and nitrogen analyses of both of the nucleotides mentioned 
reed above yielded ratios (P:N) of 2 atoms of phosphorus to 3 atoms of nitro- 
from gen, or a molar ratio of phosphorus to base of 2:1. The molecular extinc- 
luate tion of the bacteriophage nucleotide in 0.01 N HCl is 10,740 calculated on 
e ob- the basis of phosphorus analysis, assuming 2 atomic weights of phosphorus 
1, as per mole of base. The molecular extinction based on nitrogen analysis is 
im of 10,700, considering the base to be hydroxymethylcytosine. 

im of Insufficient bacteriophage nucleic acid was available for study of the 9 
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cm. band from the paper electrophoresis strip. However, a small amount 
of its counterpart from sperm DNA was collected and studied. It had g 
flattened spectrophotometric peak at 275 mu, and on formic acid hydroly- 
sis yielded ultraviolet absorptions suggesting cytosine and thymine in an 
approximate 3:2 molar ratio. 

Polynucleotide—The material which was eluted from Dowex 1 with 0.1 
N HCl had been obtained from bacteriophage DNA after hydrolysis with 
| N HCl for 1 hour at 100°. Adenine and guanine had been removed. 
When purified by paper electrophoresis and studied spectrophot ometrically, 


320 7 


OPTICAL DENSITY 











240 260 280 300 
\ mp 
Fig. 2. Ultraviolet absorption spectra of the nucleotide, hydroxymethyleytosine 
deoxyriboside diphosphate, and a polynucleotide of thymine and hydroxymethyl- 
cytosine deoxyribotides. Curve 1, polynucleotide, maximum at 274 my, in 0.01 x 
HCl; Curve 2, hydroxymethylcytosine deoxyriboside diphosphate, maximum at 
283 my, in 0.01 n HCl. 


‘Curve 1, Fig. 2, was obtained. On formic acid hydrolysis the two bases, 
hydroxymethyleytosine and thymine in a molar ratio of 0.83: 1.0, were re- 
covered by chromatography and identified by ultraviolet absorption. It 
may be noted that the average of the absorption maxima of thymidylic 
acid (266 mu) and hydroxymethyleytosine deoxyriboside diphosphate (283 
my) is 274.5 my, which agrees well with the peak obtained experimentally; 
therefore, the compound was considered to be a polynucleotide of hydroxy- 
methyleytosine and thymine. 

Comparative studies were carried out on a similar and more readily ob- 
tainable polynucleotide from sperm DNA. After phosphorus-base rela- 
tionships were determined on the whole polynucleotide, two aliquots were 
hydrolyzed in 88 per cent formic acid at 170° for 15 and 60 minutes respec- 
tively. Quantitative analyses for phosphorus and pyrimidine bases were 
made on the hydrolysate. The bases were separated by paper chroma- 
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unt tography in an n-butanol-water solvent and eluted, and their concentra- 
ad a tions estimated by spectrophotometric means. The results are presented 
‘oly- in Table I. It will be noted that, in addition to the approximately equi- 
D an molar amounts of cytosine and thymine, small amounts of uracil were ob- 

tained. Probably some of the cytosine had been deaminated. Following 
0.1 hydrolysis, the total recovery of base was good, and the notable phos- 
With phorus-base relationship calculated for the intact polynucleotide (Table I) 
ved. was maintained. 
lly, TABLE I 
Studies on Polynucleotides from Bacteriophage and Sperm DNA 
| 
Amount . Cyto- Tr :4 0 al 
ngs | Hag” | Unc | ine +) SRS | ple. | Pau | rem 
we owe owe | wwe | owe | owe |e | Mellor 
Phage polynucleotide | 0.60 | 0.33* 1.8 
Sperm ’ | 0.90 | 0.50* | 1.8 
Hydrolysate of sperm poly- 
nucleotide 
15 min. hydrolysis 0.85* | 0.34 | 0.05 | 0.39 | 0.40 | 1.55 | 0.79 2.0 
oo ** 0.85 0.38 | 0.04 | 0.42 | 0.41 | 1.63 | 0.83 1.9 
* The total amount of base was calculated by spectrophotometric means by using 
the average molar extinction coefficients of hydroxymethyleytosine deoxyriboside 
diphosphate and thymidylic acid for phage nucleotide and the average of cytosine 
ais deoxyriboside diphosphate and thymidylie acid for sperm polynucleotide. 
thyl- 
Ol x DISCUSSION 
a at A nucleotide not common to DNA from most biological sources has been 
isolated from DNA of an E. coli bacteriophage. Although this appears to 
be a qualitative difference between the virus and the host cell, it should be 
of remembered that a trace amount of this nucleotide could easily be missed 
‘* with present methods of analysis. 
“a Both cytosine deoxyriboside diphosphate and the new nucleotide, pre- 
a sumably hydroxymethylcytosine deoxyriboside diphosphate, have been 
‘lly: isolated in the diphosphate form after acid hydrolysis. Levene and Jacobs 
a (11) pointed out long ago that DNA treated in this manner yields diphos- 
i § phate components. Indeed, it has been confirmed in these and earlier 
e studies (6) that the bulk of the pyrimidine nucleotides, including thymidylic 
is. acid, derived from acid hydrolysis of DNA, occurs in the diphosphate 
were im. 
pec- SUMMARY 
were A nucleotide of hydroxymethyleytosine has been isolated from the DNA 
— of an Escherichia coli bacteriophage. Chemical and spectrophotometric 





XUM 


740 NUCLEOTIDE OF HYDROXYMETHYLCYTOSINE 


data are presented. A complex nucleotide, containing two different py. 
rimidine bases and no purines, was isolated. 
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THE PROTEINS OF BOVINE SEMINAL PLASMA 
1. PRELIMINARY AND ELECTROPHORETIC STUDIES 


By BRUCE L. LARSON anp G. W. SALISBURY 


(From the Laboratory of Biochemistry, Department of Dairy Science, University 
of Illinois, Urbana, Illinois) 


(Received for publication, August 17, 1953) 


The protein constituents of seminal plasma long have been considered 
of importance in the maintenance of proper conditions for spermatozoa. 
In fact, in the practice of artificial insemination, various protein-containing 
systems such as milk, gelatin solution, and egg yolk, in addition to various 
chemical buffer systems, have been used as semen extenders (1-5). 

Since ejaculated seminal plasma is a composite of the products of several 
of the accessory organs and glands of the male reproductive system, it 
might be expected that the proteins present would be of a heterogeneous 
mixture. Apparently little work has been done on the characterization of 
the seminal plasma proteins of any species other than the human. 

Several investigators have analyzed the proteins of human seminal 
plasma. Huggins ef al. (6, 7) found that only traces to 18 per cent of the 
human seminal plasma proteins were heat-coagulable both at neutrality 
and at pH 5.5; approximately 60 per cent of the proteins were of a proteose 
nature and dialyzable. The undialyzable proteins corresponded electro- 
phoretically to the a- (21.3 per cent), B- (39.6 per cent), and y- (19.1 per 
cent) globulins and the serum albumin (19.9 per cent) of blood. Ross 
et al. (8-10) also examined the human seminal plasma proteins by similar 
means and concluded that, although proteoses, blood globulins, and glyco- 
proteins were present in quantity, there was little serum albumin. 

This study was undertaken to characterize the proteins of bovine seminal 
plasma. 


Methods 


Semen was collected from healthy bulls of the University herd, carefully 
cooled, and transported immediately to the laboratory for analysis. The 
seminal plasma was obtained by centrifuging the whole semen at 2000 
X g for 10 minutes and decanting the clear supernatant plasma from the 
packed sperm cells. Nitrogen analyses by a semimicro-Kjeldahl proce- 
dure (11) showed that the amount of protein in seminal plasma varied be- 
tween 3 and 8 per cent; there was a marked tendency for the plasma from 
the older bulls to have the higher values. For electrophoretic analysis, 
concentrated buffer was added to the seminal plasma to bring both to ap- 
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proximately the proper concentration. This solution was equilibrated in 
Visking cellulose casing (with a few drops of toluene) for 12 hours at 4° 
with frequent agitation against buffer 30 to 50 times the volume of the 
solution and then for 12 to 24 additional hours against a fresh change of 
the same amount of buffer. Throughout this investigation, a sample of 
seminal plasma pooled from several bulls of various ages and stored at 
— 18° was used for the chemical analyses. 

Solutions of the bovine blood serum proteins were prepared by treating 
the clear serum removed from clotted blood in the same manner as for the 
seminal plasma proteins. 

Buffers of known pH and ionic strength were prepared according to the 
specifications of Miller and Golder (12) for the glycine-NaCl-HC! buffer, 
of Green (13) for the phosphate buffers, and of Longsworth (14) for the 
Veronal buffer. 

Electrophoretic analyses were conducted at 1.2° in an American Instr- 
ment Company portable electrophoresis apparatus equipped with a cylin- 
drical lens and rotating slit. Since the major electrophoretic components 
of the bovine seminal plasma possess mobilities close to each other, mobili- 
ties were calculated from the more distinct patterns of the ascending limb 
by correlating them as closely as possible with those of the descending 
limb. The areas under the curves were projected and evaluated with a 
planimeter according to the procedure of Tiselius and Kabat (15) to ap- 
proximate the relative concentration of the components. 


Results 


Chemical Studies—To determine the amount of dialyzable nitrogen pres- 

ent in the bovine seminal plasma, known amounts of the pooled sample 
were exhaustively dialyzed in Visking cellulose casing against frequent 
. changes of cold phosphate buffer (pH 6.9, ionic strength of 0.1). Analysis 
of this seminal plasma sample indicated that originally there were 9.41 
mg. per ml. of nitrogen present of which 8.38 mg. per ml. were precipitable 
by 12 per cent trichloroacetic acid. After 7 days of dialysis, 8.25 mg. per 
ml. of nitrogen (corrected basis) were still recoverable. Previous work 
(16) has shown that about 20 per cent of the dialyzable or non-trichloro- 
acetic acid-precipitable nitrogen present is accounted for by free amino 
acids, which are responsible for all of the major ninhydrin color-producing 
substances. 

Preliminary results in this investigation indicated that heating the bo- 
vine seminal fluid at neutrality produced considerable turbidity, and, when 
diluted with an equal volume of 1.3 Nn acetate buffer at pH 4.6, the plasma 
formed a thick gel at 98°. Thus, the pooled sample of seminal plasma 
was diluted with 2 volumes of phosphate buffer (pH 6.9, ionic strength of 
0.1) to a total concentration of about 3.8 mg. of nitrogen per ml. When 
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d in heated for 1 hour at 98° with an equal volume of 0.15 N acetate buffer 
t 4° at pH 4.6, 76 per cent of the proteins present were coagulated, 13 per cent 
the remained in solution, and 13 per cent appeared in the fraction non-precipi- 
eof | table by 12 per cent trichloroacetic acid. About half of the coagulated 
e of proteins were precipitated upon the addition of the acetate buffer and the 
l at rest during the heat treatment. When a 0.75 n acetate buffer at pH 4.6 
was used under similar conditions, no precipitate formed upon its addi- 
ting tion; 46 per cent of the proteins were coagulated on holding at 98° for 1 
the hour and 12 per cent of the original proteins appeared in the fraction non- 
precipitable by 12 per cent trichloroacetic acid. 


the Thus, when compared with the results of Huggins et al. (6, 7) and Ross 
fer, et al. (8-10), the seminal plasma proteins of the bovine differ from those 
the of the human in being less dialyzable and more heat-coagulable. The ob- 
servations reported in the present investigation apply to that approximate 
tru- | 90per cent of the nitrogen present in the seminal plasma which is non-dia- 
lin- lyzable and considered to be a part of what is called the bovine seminal 
nts | plasma proteins. 
bili- For determining the nitrogen content of the seminal plasma proteins, 
imb pooled seminal plasma was exhaustively dialyzed for 4 days against cold 
ling distilled water, freeze-dried under a vacuum, placed over P2O; for several 
ha days, extracted with dry ether for 24 hours, and dried at 100° for 2 hours. 
ap- Analysis of the material, which was readily soluble in neutral buffer, indi- 


cated a nitrogen content of 14.38 per cent as determined by the Kjeldahl 
procedure. A second sample was exhaustively dialyzed, and moisture and 
Kjeldahl determinations were made on the suspension, indicating a nitrogen 
od content of 14.32 per cent. 


aple These figures on the nitrogen content of the bovine seminal plasma pro- 
lent teins seem to be low, since most proteins contain around 16 per cent nitro- 
ysis gen, and numerous studies have shown that semen contains a high content 
8 of the basic amino acids. Sarkar et al. (17) have found, however, that, 
able 


while dried bovine sperm cells contained 17.6 per cent nitrogen, the dried 
per seminal plasma contained only 12.1 per cent nitrogen, both corrected for 


ork fat and ash content but not for the dialyzable organic constituents. In- 
“i asmuch as a Molisch test of exhaustively dialyzed seminal plasma is quite 
ves weak, it would appear that non-dialyzable carbohydrate constituents are 
“Ing present in low concentration. Even if the dialyzable organic constituents 
are taken into consideration (chiefly fructose (1-3)), it is apparent that 
bo- the value obtained by Sarkar et al. (17) also indicates a low nitrogen con- 
hen tent for the seminal plasma proteins. In addition, these investigators de- 
sma termined the concentration of eleven of the amino acids in dried bovine 
oma seminal plasma and sperm cells and found that the basic amino acids were 
7h not relatively prevalent in the former but were quite high in the latter. 
en 


Electrophoretic Behavior in Various Buffers—In Fig. 1 are presented elec- 
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trophoretic patterns of the pooled sample of the bovine seminal plasma pro. 
teins in several buffers of varied pH and ionic strength. Since solutions 
of the seminal plasma proteins became turbid at approximately pH 3.0 to 





B. pH 589 





é 
23 





Fig. 1. Electrophoretic analysis of a pooled sample of the bovine seminal plasma 
proteins in several buffers. A, glycine-HCl-NaCl, ionic strength 0.1; B, K phos- 
phate, ionic strength 0.2; C, K-Na phosphate, ionic strength 0.1; and D, Na Veronal, 
ionic strength 0.1. Analysis times were 9900, 13,800, 5400, and 5400 seconds, field 
strengths 2.6, 3.3, 6.7, and 7.8 volts per sq. cm., and protein concentrations 2.2, 2.2, 
2.0, and 2.0 per cent respectively. See Table I. 


TaBLeE [ 


Electrophoretic Analysis of Bovine Seminal Plasma Proteins in Several Buffers* 





Mobilityt and per cent of component 


Fig. 1 Buffer Component No. 


| 4 a. 4 s|6|7 

A | Glycine, |+6.7+9.7/414.0 
pH 2.02 |16 76 | 8 | 

B | Phosphate, [+5.4+1.2) +0.9/—1.0 —2.3 —3.7/-4.4'-4.6 —6.4 


pH 5.89 | 4. 3 6/12 |6 34 1 (17. 3 

C | Phosphate, |+4.1—1.7}) —3.1|\-4.1—5.2 —5.6—6.3 —7.5 
pH 6.90 4} 8] 13 | 21 | 32 17 5 

D | Veronal, pH |+3.1'—1.1] —2.5|—3.1\—4.4 —5.0,—5.3'—5.8,—6.4 —7.0 -7.7 
8.58 4'2{/n|3 i! 127 29 2 2 


* See Fig. 1 for identification of conditions and components. 
t Mobilities in 1 X 10-5 cm.? volt=! sec.-!. 


5.5 unless the ionic strength was extremely high, electrophoretic patterns 
were not obtained for this range. The precipitablity of the human seminal 
plasma proteins in this region also has been observed. Ross et al. (8) pre- 
pared some of the fractions in purified form by differential precipitation in 
this manner. 
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, pro- The electrophoretic patterns in Fig. 1 indicate the heterogeneous nature 
tions | of the bovine seminal plasma proteins and the presence of three apparent 
0 to | major components and several minor ones. At least eleven components 


‘onal, 


, 2.2, 


rst 


erns 
inal 
pre- 
yn in 





are discernible and probably several more are obscured by the more con- 
centrated components. The mobilities of the various electrophoretic com- 
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Fig. 2. Electrophoretic comparison of various samples of bovine seminal plasma 
protein with the normal bovine blood serum proteins. A and B, two successive 
ejaculations from the same bull. All analyses in Veronal buffer, pH 8.58, ionic 
strength 0.1, for 5400 seconds. See Table II. 


ponents and their relative concentration are presented in Table I. Since 
the identity of the individual components at the various pH values is not 
known, it should not be concluded that Component 3, for example, is the 
same material in all cases. It is noteworthy to observe that even at pH 
8.6 a component was present which migrated toward the negative electrode 
(Component 1). The Veronal buffer of pH 8.6 with an ionic strength of 
0.1 afforded the best electrophoretic separation of components with the 
least difficulties. ‘Thus, it was used as the buffer medium in all further 
electrophoretic experiments. 

Electrophoretic Behavior of Various Semen Samples—For this purpose 
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samples of semen from several bulls of various ages, breeds, and two sy. 
cessive ejaculations from the same bull were collected. The electrophoretic 
patterns of Vig. 2 and the calculated mobilities in Table II indicate a clog 
similarity among the various samples of semen, and no major characteristic 
differences are apparent other than some variation in the relative amounts 
of the constituents. This is especially apparent with some of the minor 
constituents which, in some of the patterns, are completely absent or ob. 
secured by the constituents present in higher concentration. 


TaBLeE II 


Electrophoretic Comparison of Various Bovine Seminal Plasma Protein Samples 
with Normal Bovine Blood Serum Proteins* 


Mobilityt 
Fig. 2 poy Component No. 
1 2 3 vo i 6 7 | 8 9 | 0 | 4 
— - —|——_ | ——_|——__|-- —— 
A 1.6 +2.9-1.3-2.0_-2.8|-4.0|-4.7| ~5.3 ~6.5\-73 
B 1.5  |+3.0|—0.9|-1.7)-2.7|-3.8|-4.6 G3 |-6.5-7.2 
C 0.7 '+8.2'—1.0/—2.1/—2.8/-3.8'|—4.4 —5.2 |—6.0\-6.5\-71 
D 1.8 |+3.0/—1.2|-2.4|-3.3|—4.4/-4.9|\-5.3| —5.7 |-6.3|\-7.0-78 
E 0.8 —2.6|/—3.7/—4.5 | —5.3 |—5.8|-6.2 
F 2.2 |+3.0|-1.2|-2.5|-3.2'-3.9|—4.9|-5.3/ -5.6 |-6.2|-6.9|-75 
G 1.0 |+48.1\-1.0|—-1.7\-2.7\-3.8|—4.6|-4.8| —5.1 |—5.7 
H 1.6 —1.0|-1.7|-3.0|—4.4|—5.0|—5.4| —5.7 |-6.4|-7.0\-78 
I 3.1 +2.9|-1.2/-2.3'-3.2—4.4/-5.0 15.6 |-6.1|-6.8\-7.5 
J 2.2 '-1.5|—2.21-3.0\—3.4'—4.3/—5.2|-6.1| —7.0 | 
(y2) (y1) (B2) (B1) (a3) (a2) (a) (Alb.) 


* See Fig. 2 for identification of conditions and components. 
+ Mobilities in 1 X 10-5 em.? volt see.-, 


A pattern of the normal bovine blood serum proteins obtained under the 
same electrophoretic conditions is also shown in Fig. 2 (J). It is apparent 
from the patterns that the seminal plasma proteins quantitatively do not 
resemble those of blood serum. The major components of the seminal 
plasma (Components 5, 6, and 8, Fig. 2) exhibit mobilities similar to those 
of the a-, a2-, and as-globulins of blood. Material with the mobility of 
blood serum albumin is either absent in the seminal plasma or present at 


a very low concentration (Component 10). Components 2 and 3 in the 


seminal plasma, which correspond in mobility to the immune y-, y:-, yr, 
T-, and 82-globulins named by various investigators (18, 19), may tend to 
be more concentrated in the samples from the older bulls. 

Further Characterization Methods—Since preliminary studies indicated 
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that some of the seminal plasma proteins were unstable upon prolonged 
dialysis against distilled water, an experiment was conducted to determine 
what fractions were precipitated by this treatment. The pooled sample of 
seminal plasma (with a few drops of toluene) was dialyzed for 4 days at 4° 
against frequent changes of distilled water. Upon centrifugation a clear 
supernatant fluid resulted and a white precipitate which was washed twice 
by stirring in cold water and dissolved in Veronal buffer. Each of the two 
fractions was dialyzed against Veronal buffer and analyzed electrophoretic- 
ally. The results (Fig. 3) indicate that, whereas the two patterns are 
similar, there are differences in the relative amounts of the major compo- 
nents present. Components 10 and 11 (see Figs. 1 and 2) are present only 
in the supernatant fluid and hence possess typical albumin characteristics. 

A Molisch test for carbohydrate of the two fractions revealed that only 
the supernatant solution was positive. This would indicate, since each of 
the major electrophoretic components was present in both fractions, that 


PRECIPITATE 5 67 8 SUPERNATANT 


ds 


5 7 










3 a 


Fic. 3. Electrophoretic analysis of the precipitable and supernatant fractions pro- 
dueed by exhaustive dialysis of the bovine seminal plasma proteins. Analyses in 
Veronal buffer, pH 8.58, ionic strength 0.1, for 5400 seconds. 


none of them can be classified as typical glycoproteins, a conclusion which 
differs from that of Ross et al. (8-10) and Huggins et al. (6, 7) who found a 
large glycoprotein content present in human seminal plasma. 


DISCUSSION 


The results of this investigation indicate that the proteins of bovine 
seminal plasma are of a heterogeneous nature. However, the similarity 
among samples collected from different animals is close. 

The nitrogen content of 14.4 per cent for the total protein of plasma is 
low compared to the values reported for most other proteins. Since agree- 
ment was obtained between two exhaustively dialyzed samples, one of 
which had been extracted with ether, there is apparently a negligible 
amount of ether-extractable materials present in the dialyzed seminal 
plasma. Also since the Molisch test signified a low carbohydrate content, 
it would appear that the low nitrogen content is not due to a large lipo- 
or glycoprotein content, and hence the proteins themselves must be low 
in the basic amino acids. It is interesting to speculate that the seminal 
plasma proteins may be formed under conditions in which most of the basic 
amino acids are taken up preferentially by the sperm cells. 
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Electrophoretic evidence shows that the majority of the bovine seming| 
plasma proteins possess mobilities similar to the a-globulins of blood, 
These proteins are known to be largely lipo- or glycoproteins in nature, ¢ 
which the former exist as somewhat unstable complexes (19). Freezing 
thawing, heating, extraction, and other physical manipulations are know) 
easily to unstabilize these proteins irreversibly (19). Since an extremely 
low carbohydrate and lipide content and stability to physical treatment 
were indicated, it would appear that the majority of the seminal proteins 
are not the same as the a-globulins of blood. Further evidence to support 
this conclusion will be reported in a subsequent paper on some ultracentrif. 
ugal and immunological studies of the bovine seminal plasma proteins, 


SUMMARY 


Characterization of the bovine seminal plasma has indicated that ap- 
proximately 90 per cent of the total nitrogen present is protein in nature 
and non-dialyzable; 76 per cent of these proteins were heat-coagulable, 
Seminal plasma proteins, after exhaustive dialysis against water, gave an 
extremely low test for carbohydrate and fat and contained 14.4 per cent 
nitrogen (fat- and moisture-free basis). 

Electrophoretic studies indicated the presence of at least eleven com- 
ponents. However, three of these accounted for the majority of the pro- 
teins present. A great similarity was evident in the electrophoretic pat- 
terns of the seminal plasma proteins obtained from bulls of various breeds 
and ages. Comparative electrophoretic analyses of the bovine blood serum 
and the seminal plasma proteins indicated that there was little quantita- 
tive relationship between the two systems. The majority of the protein 
constituents of seminal plasma exhibited electrophoretic mobilities similar 
to those of the a-globulins of blood. Chemical evidence, however, indi- 
_ cated that glyco- or lipoproteins were either absent or present in low con- 
centration. 
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FACTORS AFFECTING THE HYDROXYLATION OF ANILINE 
BY MYCOBACTERIUM SMEGMATIS* 


By N. H. SLOANE anp M. SAMUELS 


From the Lederle Laboratories Division, American Cyanamid Company, Pearl River, 


New York) 


AND R. L. MAYER 


(From the Division of Microbiology, Ciba Pharmaceutical Products, Inc., Summit, 
New Jersey) 


(Received for publication, June 18, 1953) 


Sloane, Crane, and Mayer (2) reported that Mycobacterium smegmatis 
oxidizes aniline to p-aminophenol. It was also shown (2) that p-amino- 
benzoic acid (PABA) yields p-aminophenol after the PABA is first enzy- 
matically decarboxylated to aniline. It is the purpose of this publication 
to present data on the effect of pH, citrate, inorganic ions, and inhibitors 
on this hydroxylation reaction. The data indicate that the hydroxylation 
of the benzene ring is coupled with the energy-yielding oxidation reactions 
of the microorganism. 


EXPERIMENTAL 


The techniques employed in the oxidation of aniline by M. smegmatis 
(ATCC, No. 101) cells and the determination of p-aminophenol have been 
described elsewhere (2). 


RESULTS AND DISCUSSION 


Effect of pH on Hydroxylation—There is no sharply defined pH optimum 
for the hydroxylation of aniline by these cells. The reaction proceeds 
almost equally well from pH 5 to 7.4, with maximal activity at pH 6.0. 
The lability of p-aminophenol in alkaline solution (3) precluded the use of 
more alkaline conditions. At pH 3.0 the reaction is more than 90 per cent 
inhibited. 

Effect of Citrate—The addition of dibasic ammonium citrate (5 mg. per 
ml.) to washed cells suspended in buffer containing Fe++, Mgt*, and Mn*+* 
(2) results in a 4- to 5-fold increase in p-aminophenol formation (Table I). 
In the absence of citrate, ammonium ions are without effect in the buffer 
solution. The activity of citrate in the hydroxylation reaction cannot be 
attributed to its ability to act as a source of carbon, since citrate does not 
significantly stimulate the high endogenous respiration of mycobacteria 


* A preliminary report was given before the American Society of Biological Chem 
ists (1). 
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(4-6). The explanation may be that citrate acts as a chelating agent to 
aid in the transportation of metals across the cell membrane, as described 
by Edson (6). This interpretation is supported by the fact that manga. 
nous ions stimulate the hydroxylation reaction. 


TABLE I 


Effect of Citrate on Oxidation of Aniline to p-Aminophenol by Washed 
M. smegmatis Cells 


50 ml. volume in 250 ml. flask p-Aminophenol in 44 hrs. 
uM 
Washed cells in buffer, citrate, metals + aniline, 0.5 8.8 
mg. per ml.; pH 5.92 9.3 
Same without citrate; pH 5.92 2.1 
1.9 


Washed 5 day-old M. smegmatis cells grown in Long’s medium and suspended in 
the phosphate buffer solution as described previously (2). Cultures shaken op 
rotary shaker. 


TaBLe II 
Effect of Manganese on Aniline Hydroxylation by W ashed M. smegmatis Cells 


p-Aminophenol 
25 ml. volume in 250 ml. flask 





Experiment I Experiment II 

Y 7 

1. Cells + buffer, citrate, metals + aniline 480 117 

- ; ‘i e + aniline... 76 18 
3. (2) + 125 mg. MgSO,-7H.0... 76 

4. (2) + 250 y MnSO,-4H.O...... 360 | 108 

5. (2) + 500 “ és . = 108 

- 6. (2) + 1 mg. “i : eal ts | 126 
7. (2) + 250 7 FeSO,-7H:0. . 74 
8. (2) + 250 “ os + 250 y MnSO,-4H.O 380 


Experimental conditions as described below Table I, except that the cultures 
were vigorously aerated (2) 


Effect of Manganese—The results in Table II show that manganese 
stimulates the oxidation of aniline 5- to 7-fold. Neither ferrous nor mag- 
nesium ions can substitute for manganous ions in this reaction. Since it is 
difficult to wash all inorganic ions from the bacterial cells, manganese may 
be an absolute requirement for the hydroxylation of aniline. 

Effect of Inhibitors—The results in Table III show that the oxidation of 
aniline is prevented by compounds which are known to disrupt energy 
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Taste III 
Effect of Inhibitors on Hydrozxylation of Aniline by Washed M. smegmatis Cells 
Inhibitor | Per cent inhibition, 10 hrs.* 
2,4-Dinitrophenol 10-3 m 100 
FY 5 X 10-* 100 
cin 10-4 m 0 
Potassium cyanide 10-2 m 100 
- ty — 45 
- ™ 10-4 * 0 
Sodium azide 10-2 m 100 
- “ 2 100 
ss - aa | 45 
“ fluoride 10-2 m 90 
ss " 10-3 ** 0 
” arsenite 10-2 Mm 100 
- = _” 90 
“a arsenate 10-2 M 78 
“ . »* 0 
bis iodoacetate 10-? m 100 
. choride 107? m 0 


* 25 ml. volume in 250 ml. flask under conditions of vigorous aeration (2). 


TaBLe IV 


Effect of Arsenate and 2,4-Dinitrophenol on Oxygen Uptake and Aniline 
Hydroxylation by Washed M. smegmatis Cells 


Washed cells, 5 days old; 25 ml. in 250 ml. flask; vigorous aeration (2). 


Per cent | Per cent inhibition 
Qos* inhibition of O2 of aniline 

uptake hydroxylation 

beta nica ‘ aint —| 

1. Cells + buffer, citrate, metals + 

aniline . ie aoe 14.4 + 0.6 | 
2. (1) + 10°? m arsenate. 15.4 + 0.9 0 68 
3. (1) + 5 X 10-* wm DNP 11.2 + 0.4 23 100 





*Qo, = microliters of O2 per mg. dry weight per hour after shaking 7} hours at 37° 
in air. 


metabolism.' Arsenate, arsenite, fluoride, and iodoacetate are less effec- 
tive inhibitors than 2,4-dinitrophenol (DNP), cyanide, and azide. The 


‘Although azide (7), arsenate (8), and 2,4-dinitrophenol (9) have been shown to 
inhibit adaptive enzyme formation, the inhibitions cited in Table III are not due 
to the inhibition of adaptive enzyme synthesis. Previous studies (2) have shown 
that the ability of M. smegmatis to hydroxylate aniline is not dependent upon adap- 
tive enzyme synthesis, and furthermore cells grown in the presence of either aniline 
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fact that a salt effect is not responsible for these inhibitions is indicated by 
the inertness of sodium chloride (10 m). ; 
The effect of arsenate and DNP on the respiration of M. smegmatis was 
also studied. The data in Table IV show that arsenate and DNP do not 
appreciably affect the oxygen uptake by these cells, while at the same time 
these compounds markedly inhibit the hydroxylation reaction. Since 
arsenate and DNP have been shown to uncouple oxidative phosphorylation 
(10, 11), these results indicate that the production of energy-rich phosphate 
bonds (12) by aerobic oxidation is necessary for the hydroxylation. 
Since oxygen is required for the hydroxylation and arsenate and DPN 
inhibit the reaction without affecting the oxygen uptake by these cells, the 


TABLE V 
Phosphate Reversal of Arsenate Inhibition of Aniline Hydrozxylation 
by Washed M. smegmatis Cells 


Washed cells, 5 days old; 25 ml. in 250 ml. flask; vigorous aeration (2); pH 6.0. 
a ‘ . Per cent inhibition of 
p-Aminophenol, 6 hrs. | anitine hydroxylation 


Y 


1. Cells + citrate, metals + aniline + KCl 

So fe! 8 Ss 93 
2. (1) + 10°* m arsenate. . : asa 38 59 
3. (1) + I “ - Picea le apes sere 46 51 

| 

4. Cells + m/15 phosphate buffer, citrate, | 

MICAS +- SUING... 6.0.6 sce sce cae | 96 
&. (4) + 10°° wm areomate.............45... 96 0 
6. (4) + 10-4 * ” ee SN Sie sitar 90 6 








phosphate requirement for the reaction was investigated. A direct re- 
‘quirement for phosphate could not be demonstrated because of the diffi- 
culty of removing these ions from the cell. However, it was possible to 
show that phosphate accelerates the hydroxylation by an indirect method. 
Phosphate was found to reverse the arsenate inhibition observed in the 
absence of exogenous phosphate (Table V). It has been shown by Stadt- 
man and Barker (13) and Doudoroff, Barker, and Hassid (14) that arsenate 
can participate in some reactions which involve phosphate in bacterial 
systems, and causes a decomposition of certain phosphate esters. The 
reversal of arsenate inhibition by phosphate thus affords evidence that 
phosphate is necessary for this reaction. 

The fact that the hydroxylation of aniline by ./. smegmatis is coupled 








or PABA were inhibited to the same degree as were cells grown in unsupplemented 
Long’s medium. 
2 The microorganism does not hydroxylate aniline under anaerobic conditions. 
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with the energy-yielding reactions is indicated by the following: (a) the 
inhibition of the reaction by compounds which inhibit oxygen uptake, (b) 
the inhibition of the reaction by compounds which uncouple phosphory]- 
ation from oxidation, and (c) the probable réle of phosphate in the hy- 
droxylation. 


SUMMARY 


1. Citrate and manganese ions increase the ability of the Mycobacterium 
smegmatis to hydroxylate aniline. 

2. The hydroxylation of aniline is inhibited by a variety of compounds 
which inhibit oxidative processes and uncouple oxidative phosphorylation. 

3. The reversal of arsenate inhibition by phosphate indicates that the 
latter may be involved in the reaction. 
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THE ABSORPTION OF C*-LABELED EPICHOLESTEROL 
IN THE RAT* 


By H. H. HERNANDEZ, I. L. CHATKOFF, W. G. DAUBEN, anv 8S. ABRAHAM 


(From the Department of Physiology, School of Medicine, and the Department of 
Chemistry, University of California, Berkeley, California) 


(Received for publication, August 7, 1953) 


The present report deals with the absorption of cholesterol and its 3-a- 
hydroxy isomer, epicholesterol, in the rat. It is shown that cholesterol is 
absorbed at more than twice the rate of its stereoisomer, and that, while 
50 per cent of the absorbed cholesterol recovered in lymph is esterified, 
none of the epicholesterol is so bound. The difference in the absorption 
rates of these two isomers brings to light the importance of stereoconfigura- 
tion in sterol absorption, a phenomenon previously observed for carbo- 
hydrates (1) and amino acids (2). 


EXPERIMENTAL 


Synthesis—The preparation of cholesterol-4-C“ and epicholesterol-4-C™ 
has been described elsewhere (3). The unlabeled epicholesterol was pre- 
pared by the reduction of the enol acetate of cholestenone (3) with sodium 
borohydride (4). The pure compound was separated on an alumina col- 
umn and repeatedly chromatographed and crystallized to a constant melt- 
ing point of 140°. 

Treatment of Rats and Collection of Lymph Samples—Twelve rats of the 
Long-Evans strain, weighing from 250 to 300 gm., were fed ad libitum an 
adequate stock diet. 48 hours before the experiment all food was removed 
from the cages, but, for the 24 hours just preceding the operation, the ani- 
mals again had access to the stock diet. This feeding procedure insured 
the presence of food in the intestinal tract and, consequently, a copious 
lymph flow at the time the cannulas were inserted. Rats with empty 
stomachs or poor lymph flow were discarded at the time of operation. The 
thoracic lymph duct was cannulated (5), and immediately thereafter a 
solution of 0.25 cc. of corn oil containing 1 mg. of either 4-C™-labeled epi- 
cholesterol or 4-C'-labeled cholesterol was introduced into the rat by 
stomach tube. During the rest of the experiment the rats had access to 
the stock diet and 0.9 per cent NaCl solution. 

At the intervals recorded in Table I, samples of lymph were collected in 
tared 50 cc. volumetric flasks containing 4 drops of Tween 20, 4 drops of 
heparin, and 2 drops of Tween 85. These three compounds served to keep 


* Aided by a grant from the United States Public Health Service. 
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the lipides from precipitating when water was later added to bring the mix. 
ture to volume. 

Total C Content of Lymph Sample—An aliquot of each lymph sample 
was mounted directly on an aluminum plate and its C“ content was meas. 
ured with a gas flow counter. The total C recovered for each interval js 
recorded in Table I, and the cumulative C" recoveries are shown in Fig. 1, 
The difference in the C™ recoveries for cholesterol and epicholesterol js 
quite pronounced. At an early interval, for example from 4 to 8 hours, 
the C™ recoveries in the experiments with cholesterol were more than twice 


TABLE | 


Recovery of C4 of Enterally Administered Cholesterol-4-C™ or Epicholesterol-4-C™ jn 
Thoracic Duct Lymph 





| | Per cent added C* recovered in thoracic duct lymph at 
| 


Rat No.| Sterol administered had Weer 2 
0-2 hrs. 2-4 hrs. |4-8 hrs. ag = " _— th 
1 Cholesterol-4-C4 0 1.2 3.9 | 12.0 | 1.2 1.3 | 0.5 
3 - 0.4 0.6 11.2 6.0 | 3.2 4.6 1.0 
5 = 1.4 4.4 9.6 6.0 4.6 2.4 | 1.4 
6 - 0.4 0.8 11.4 6.5 2.1 9.4 0.4 
19 oa 0.1 L@ 6.8 5.5) 1.5 | 0.4 | 21 
56 os 0.6 1.1 7.0 9.7 | 2.6 2.7 | 0.9 
2 Epicholesterol-4-C™“ 0.2 | 0.6 3.0; 3.3] 0.5 | 0.4 | 0.1 
+ “i 0.4 1.8 3.6 2.3; 0.8 | 0.5 | 0.1 
7 * 6.3 | 6.9 | 3.6| 38.71 OF |e 0 
18 “ 0.3 | 0.8 | 3.4] 3.3] 0.7 | 0 0 
58 “i 0.2 0.7 2.8 3.5 1.0 0 0 
59 - 0.4 1.3 3.2 3.1 0.6 0.4 0.1 





those observed with epicholesterol. At the end of 48 hours, the cumula- 
tive C“ values were 8 to 9 per cent of the administered C™ in the case of 
epicholesterol and 18 to 31 per cent in the case of cholesterol. 

Separation of Cholesterol from Epicholesterol—It became necessary, at 
this point, to examine the efficiency of separation of cholesterol from epi- 
cholesterol by digitonin precipitation. Mixtures containing epicholesterol 
and cholesterol, as shown in Table II, were prepared. Each mixture was 
dissolved in 14 ce. of acetone-alcohol (1:1) in a centrifuge tube, an excess 
of 0.5 per cent digitonin in 95 per cent ethyl aleohol-water (1:1) was added, 
and the vessel and its contents were allowed to stand overnight at 37°. 

After centrifugation at 3000 r.p.m. for 15 minutes, the precipitate was 
washed and centrifuged successively, as above, first with about 5 ee. of 
acetone-alcohol (1:1), next with acetone-ethyl ether (1:1), and finally with 
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ethyl ether (6). The digitonide was dissolved in methanol, and a small 
aliquot of it mounted on an aluminum plate; the C was then counted in 
a gas flow counter. The methanol solution was then taken to dryness, and 
the residue was redissolved in 0.5 ce. of redistilled pyridine; this treatment 
served to split the cholesterol digitonide. The free digitonin was then 
precipitated by the addition of 10 cc. of ethyl ether according to Schoen- 
heimer and Dam (7). 
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Fic. 1. Cumulative C™ recoveries in thoracic duct lymph of rats fed either cho- 
lesterol-C“ or epicholesterol-C“’. The dotted areas show the range of values ob- 
served with six rats in each experiment. 


The precipitate (free digitonin) was centrifuged as above, and the pre- 
cipitate washed three times with ethyl ether. The combined supernatant 
fluids were taken to dryness on the steam bath. The dry material was 
dissolved in 14 cc. of acetone-alcohol (1:1) as before, and reprecipitated 
with 0.5 per cent digitonin. This whole procedure was repeated three 
times. 

It will be noted in Table IT that there is a certain amount of coprecipita- 
tion of epicholesterol with cholesterol digitonide, but, after successive 
splittings of the cholesterol digitonide with pyridine, the coprecipitated 
radioactivity was reduced to negligible quantities. 
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Digitonin-Precipitable C* in Lymph of Rats Fed Either Cholesterol-cu 
or Epicholesterol-C'*—Each lymph sample from all twelve rats, collected ip 
the tared flasks at two intervals of from 8 to 12 and 12 to 16 hours, was 
next analyzed for free and esterified cholesterol in the following manner, 

A 2 ce. aliquot of the lymph mixture was added dropwise to 40 cc. of g 
boiling 1:1 mixture of acetone and alcohol. The mixture was filtered, and 
the protein precipitate was washed repeatedly with the boiling solvent 
mixture until the precipitate showed no further radioactivity. The com- 

TABLE II 
Digitonin* Precipitability of Cholesterol and Epicholesterol, Singly and Mized 


For an explanation, see the text. 














Starting material Per cent added C™ recovered in 





| Ist ppt. 
| 


Radioactive Non-radioactive 2nd ppt. 3rd ppt. 4th ppt. 

| = 

1 mg. epicholesterol None | None None None None 
0.1 mg. epicholesterol 1 mg. cholesterol 6.77; 2.01) 0.31; 0.11 
os = ee oa 7.32 1.67, 0.53 | 0.24 
a ** 6 : = 5.66 3.24, 0.81 0.18 
ei * a“ ee ” | 6.01) 1.01! 0.36 | 0.12 
1 mg. cholesterol None | 99.03 99.12) 97.03 | 96.88 
;* si “ | 97.08 98.56) 97.77 | 97.00 
.= " - 100.33) 100.02) 98.95 | 99.09 
ie - | 99.39; 99.15 98.95 | 97.99 
Deg 1 1 mg. epicholesterol | 100.09, 99.55) 99.03 | 99.12 
:* ;” ~ 99.34) 98.02 97.56 | 96.99 
: ' : = 2 98.99) 99.47| 99.12 | 98.73 
:™ i ite " 95.66 95.08) 94.75 94.61 





* In all cases 4 cc. of 0.5 per cent digitonin in 50 per cent alcohol were added to 
the sterol solutions. 


bined filtrate and washings were taken just to dryness on a steam bath in 
a CO, atmosphere, and the residue was dissolved in a small volume (14 cc.) 
of alcohol-acetone (1:1) mixture. 1 mg. of cholesterol was added as car- 
rier, and the solution was treated with digitonin as described in the pre- 
ceding section (four precipitations). 

A second 2 cc. aliquot of the lymph mixture was hydrolyzed with 10 ce. 
of alcoholic KOH (9 gm. per 100 cc.) on a steam bath for 6 hours. The 
saponified lymph mixture was extracted three times with petroleum ether, 
the combined extracts were taken just to dryness, and the residue was re- 
dissolved in 14 cc. of a 1:1 acetone-alcohol mixture. To this was first 


added 1 mg. of cholesterol as carrier, and the solution was treated with 
digitonin as described in the preceding section. 


The C™ content of the 
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1-0 insoluble digitonin complex was also determined as described in that sec- 
d in tion. 

was Practically all of the C™ in the hydrolyzed lymph samples obtained from 
r. the rats fed labeled cholesterol was recovered as the digitonides (Table IIT). 
of a As previously shown (8), approximately 50 per cent of the lymph choles- 
and terol is in the esterified form. In the case of the epicholesterol-fed rats, 
rent none of the lymph C™ was recovered in the digitonide-precipitable fraction 
om- after the fourth splitting with pyridine, as described above. 


TaB_Le III 


d Digitonin Precipitability of C4 in Thoracic Duct Lymph of Rats Fed 
Cholesterol-4-C'4 and Epicholesterol-4-C'* 





. | [Per cent of lymph C¥ recovered in digitonin-precipitable 
fraction 
ppt. Rat No. | Sterol administered 8-12 hr. sample 12-16 hr. sample 
— Before sapon- After sapon- |Before sapon-| After sapon- 
one ification ification ification ification 
ml i ay a) _—" 
" 1 | — Cholesterol-4-C™ 50 97 60 101 
18 es " 47 108 55 | 104 
2 5 | es 56 96 49 96 
88 6 | . 49 103 56 96 
00 19 ” | 44 | 97 37 99 
09 ai) . | 39 |} 93 48 | 100 
99 2 Epicholesterol-4-C'4 | None None None | None 
: 12 4 “ | ‘é | “cc “c } ‘é 
99 7 | “ sc “ sé “cc 
7 18 | “ “ “cc sc “é 
58 “ “ec “ce “ec 
61 59 “ “c “cc “c “cc 
ito | ————__—____ ____—___—— 








Identification of C'*-Containing Compound in Lymph of Rats Fed Epi- 


in cholesterol-C'\—A 2 cc. aliquot of the lymph mixture collected from 4 to 8 
x0.) hours after administration of the labeled compound was added dropwise 
‘ar- to a boiling alcohol-acetone (1:1) solution. The precipitate obtained was 
re- filtered and washed exhaustively with the same solvent solution. The 

combined extracts contained all the C“ in the lymph (Table IV). The 
ce. combined filtrates were concentrated on a steam bath to a volume of ap- 
‘he proximately 2 cc. (but not to dryness). 8 cc. of 50 per cent ethyl alcohol 
er, solution were added, and the resulting solution was extracted three times, 
re- each with a fresh portion of 150 cc. of petroleum ether. The volume of the 
rst combined petroleum ether extracts was reduced to about 10 cc. on a steam 
ith bath. To remove the bulk of extraneous material, the 10 cc. of concen- 
the trate were treated as follows: a 5 gm. alumina column (0.5 X 10 cm.) was 
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first exhaustively washed with petroleum ether, and to this column were 
transferred the 10 cc. of concentrated material. The column was then 
washed with a small amount of petroleum ether. The C'-containing ma- 


TasB.Le IV 
Accountability of Cin Lymph of Typical Rats Fed Cholesterol-4-C™ and 
Epicholesterol-4-C'4 


: . Rat 3 fed Rat 18 fed 

C* recovered in cholesterol-4-C'# epicholesterol-4-Cu 
total c.p.m lotal c.p.m 
Lymph sample 26,810 13,900 
Acetone-alcohol extractions 27,210 14,000 
Alumina column eluate... 26,310 13, 400 


TABLE V 
Paper Chromatographic Analysis of Lymph from Rats Fed Cholesterol-4-C™ and 
Epicholeste rol-4-C'4 


Rr* of radioactive spots 
4 to 8 hr. sample 


a Material chromatographed 
Before After sapon- 
saponification ification 

| Cholesterol 0.56 + 0.050.56 + 0.05 

Cholesterol-palmitateT 0 0.56 + 0.05 

Epicholesterol-4-C™ 0.91 + 0.050.91 + 0.06 
1 Lymph extract from rat fed cholesterol-4-C 0 and 0.560.55 
3 | - sae ” hal ™ 0 ‘* 0.510.56 
5 | - si sad sel a 0 “ 0.540.52 
6 | ; - i oe - 0 * 0.580.59 
19 | o si i” - ™ 0 ‘* 0.60 0.56 
56 i - ” ccanilien o 0 “* 0.590.53 
2 | si "7 a “*  ** epicholesterol-4-C" 0.91 0.90 
4) _ Ae te cs 0.88 0.88 
7 | - ¥ Segoe " 0.92 0.94 
18 | " = 0.91 0.90 
58 | a ee il, Mi . 0.93 0.87 
59 | “ = as oe sis 0.89 0.93 


* Ry is measured as the distance of the front of the compound from the origin, 
divided by the distance of the front of the solvent from the origin. 
+ Prepared according to Page and Rudy (10). 


terial was eluted almost completely with 100 cc. of a 9:1 petroleum ether- 
absolute alcohol solution (9) (Table IV). The eluate was concentrated to 
a volume of less than 1 cc., care being taken not to bring it to dryness. 
About half of this eluate was applied to a Quilon-treated sheet of What- 
man No. 1 filter paper (40 X 20 cm.), as described by Kritchevsky and 
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are Kirk (11). Petroleum ether solutions of several known sterols, namely 
en cholesterol, epicholesterol-4-C™“, and cholesterol-palmitate, were also ap- 
1a- plied on the same paper. The other half of the eluates was saponified with 


alcoholic KOH on a steam bath for 6 hours. The resulting mixture was 
extracted with petroleum ether, and the extract was washed with dilute 
acid to make it neutral to brom cresol green. The saponified eluates were 
applied to the Quilon-treated filter paper. As a rule, saponified and un- 
" saponified materials were chromatographed simultaneously. The known 
sterols were also saponified, extracted, and applied to the filter paper. 
Chromatograms were developed with methanol, as described by Krit- 
chevsky and Calvin (12). Radioautographs were made from the chroma- 
tograms with 14 X 17 inch “no screen” x-ray film. After development of 
: the films, the spots were intensified with Kodak intensifier solution No. 77. 


TaBLE VI 
Specific Activities of Epicholesterol Added to C\4-Containing Material in Lymph of 
Rats Fed Epicholesterol-4-C' 
s 3 mg. of material were isolated from the lymph of rats fed epicholesterol-4-C™, 
and to this were added 51 mg. of epicholesterol. The initial specific activity of this 


on- mixture was 143,080 c.p.m. per mg. 
n 











Recrystallization Solvent Amount at srt —— Specific activity 
0.05 arenas a A eee ee a Ges, corel, Tele a 
0.05 mg. mg. | c.p.m. per mg. 
Oe 8 eo.sc...............) Seemed 53.7. | 43.1 | 140,000 
eee Acetone 43.1 31.8 142,800 
er Ethyl ether | 31.8 5.9 | 144,600 
' 








The filter paper chromatograms were next sprayed with a 1:1 solution of 
antimony trichloride and acetic acid. It was observed here that antimony 
trichloride is a more sensitive indicator than is antimony pentachloride 
(11). The chromatograms were allowed to dry in an oven at 95-105° for 
2 minutes. 

The chromatograms of the lymph extract obtained from the rats fed 
epicholesterol-4-C" showed a single radioactive spot with an R,» of 0.88 to 
ride, 0.93; the Ry value for the reference compound, epicholesterol-4-C™“, was 
0.91 + 0.05 (Table V). It was, therefore, considered probable that none 
of the epicholesterol recovered in lymph had been esterified. 

Six chromatograms were prepared from the lymph of rats fed epicholes- 
ther- | terol-4-C“. The six radioactive spots were cut out and thoroughly ex- 
edto | tracted with petroleum ether. The dried material, which weighed about 
s. 3mg., was mixed with about 51 mg. of epicholesterol and the mixture was 
Vhat- tecrystallized three times, each time from a different solvent. The finding 
-and | (Table VI) that the specific activity was the same after each recrystalliza- 
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tion indicates that the C“ recovered in the lymph of rats fed epicholesterol- 
4-C was present as free epicholesterol. 

In the case of the extract prepared from the lymph of rats fed cholesterol, 
two radioactive spots were observed, one at the origin and the other at 
Ry 0.51 to 0.60. Upon hydrolysis, this extract yielded a single radioactive 
spot with R» values of 0.52 to 0.59. The R,» values from the two reference 
compounds, cholesterol and cholesterol-palmitate, were 0.56 + 0.05 and 0, 
respectively. It would appear that the radioactive compound at the origin 
is esterified cholesterol. These findings are in agreement with the data 
shown in Table ITI. 


DISCUSSION 


The results of the present investigation reveal a significant difference in 
the rates of absorption of cholesterol and epicholesterol, two compounds 
that differ only in the stereoconfiguration of the hydroxy group at carbon 
3. In the rat, cholesterol is absorbed about twice as rapidly as epicholes- 
terol. Two C'-labeled fractions were identified in the lymph of rats fed 
cholesterol-4-C™ (free and esterified cholesterol), and approximately 50 
per cent of the absorbed cholesterol in lymph was in the esterified form, 
The lymph of rats fed epicholesterol-4-C" contained a single C™-labeled 
compound which was identified as epicholesterol. No other C-labeled 
compounds were identified in the lymph of rats fed the cholesterol-C™ or 
epicholesterol-C“. Apparently, the OH group at carbon 3 of epicholesterol 
is not inverted in its passage from lumen to lymph. 

Swell et al. have shown that extracts prepared from intestinal mucosa of 
normal rats possess the ability to esterify cholesterol (13). It would ap- 
pear, from the results presented here, that the enzymes involved in the es- 
terification of cholesterol during its passage from lumen to lymph are quite 
‘ stereospecific. The finding that none of the epicholesterol recovered in 
lymph was esterified indicates that esterification may be responsible for 
the differences in the rates of absorption of cholesterol and epicholesterol. 


SUMMARY 


1. Cholesterol-4-C“ and epicholesterol-4-C“ were fed to rats that had 
cannulas inserted into their thoracic ducts. The rate of appearance of C“ 
in the lymph of each rat was measured, and the C'-containing compounds 
in lymph were characterized. 

2. Cholesterol was identified as the major C'-containing compound in 
the lymph of rats fed cholesterol-C“. Approximately 50 per cent of the 
cholesterol recovered in lymph was esterified. 

3. Epicholesterol was identified as the only major C™-containing con- 
pound in the lymph of rats fed epicholesterol-C™. Practically none of this 
epicholesterol in lymph was in the esterified form. 
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4, Cholesterol is more rapidly absorbed than is epicholesterol. The C™ 
recoveries observed in the rats fed the cholesterol were about twice those 
found in the rats fed the epicholesterol. The possible relation between the 
rate of absorption of cholesterol and its esterification is pointed out. 
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ON THE ENDOCRINE REGULATION OF BLOOD AMINO 
ACID CONTENT 


By J. MURRAY LUCK, A. CLARK GRIFFIN, G. BOER; anp M. WILSON 
(From the Department of Chemistry, Stanford University, Stanford, California) 


(Received for publication, July 20, 1953) 


The concentration of amino acids in the circulating blood appears to be 
partly under control of the glands of internal secretion. Insulin, for ex- 
ample, on administration to man, rabbits, and rats, reduces the concen- 
tration of amino acids in the blood (1-7). The hypoaminoacidemia, thus 
induced, is the consequence of reactions which involve the adrenals and 
may be the result of epinephrine stimulation of the pituitary. The reason 
for this is that epinephrine is fully as effective as insulin in either normal 
(7-9) or adreno-demedullated rabbits (10) and may well be an important 
activator of the pituitary (11). Insulin, however, is without effect in 
the adreno-demedullated rabbit (10). Whether or not epinephrine itself 
is the final effector substance inducing hypoaminoacidemia is a provocative 
question suggested by the work of Mayer-Gross and Walker (12) and the 
theory of Long (11). 

The intimate interrelationships known to exist among the glands of in- 
ternal secretion clearly indicate the necessity of studying the réle of the 
pituitary in this phenomenon. Preliminary results with insulin in hypo- 
physectomized rats were inconclusive, possibly because of the hypersen- 
sitivity of hypophysectomized animals to insulin.! Later, we were able to 
show (13) that adrenocorticotropin (ACTH) reduced the amino acid con- 
tent of the blood of rabbits, a finding which would be in harmony with 
Long’s observation that ACTH is released by the pituitary in response to 
stimulation by epinephrine. Our own work did not yield, however, a 
definitive answer, since the commercial ACTH employed was less pure than 
recent preparations and might easily have been contaminated with other 
pituitary hormones; also, hypophysectomized animals were not available 
for the study. 

In the present study use was made of hypophysectomized and intact 
rats of both sexes. The purpose of the investigation was to determine 
whether the amino acid lowering which we have consistently observed 
with epinephrine in intact animals is the result of pituitary stimulation. 
Were this the case, it is clear that epinephrine would be without effect in 
the hypophysectomized rat and, also, ACTH might be expected to give a 
positive result both in hypophysectomized and intact animals. 


‘Bell, N., and Luck, J. M., unpublished. 
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Materials and Methods 


Adult rats of 250 to 350 gm. body weight were employed, with the ey. 
ception of the hypophysectomized animals which weighed between 100 and 
160 gm. ‘The intact rats were of the Sprague-Dawley-Holtzman strain and 
were purchased from Wisconsin as required. The hypophysectomized rats 
were purchased from the Hormone Assay Laboratories, Inc., Chicago, and 
were placed on experiment 2 weeks after arrival. All animals were maip. 
tained on a “fox chow” diet and were fasted overnight before use. Ani. 
mals were not used more often than once in 2 weeks and were discarded on 
conclusion of experiments involving ACTH administration. 

The rats were studied in groups of eight, all animals that failed to give 
zero hour samples (difficulties in bleeding) in any given experiment being 
temporarily discarded. After collection of initial blood samples, the sub. 
stances being studied were injected subcutaneously (except growth hor. 
mone which was given intraperitoneally) and subsequent samples were col- 
lected 1, 2, and 4 hours later. Duplicate samples of 0.1 ml. were collected 
from the tail by the usual method of snipping the tip. Direct capillary 
flow into the pipette, without anticoagulants, was employed. 

Preparation of Protein-F ree Filtrates—The blood samples are transferred 
as collected to 2 ml. of water; 3 ml. of 0.4 per cent perfluorooctanoic acid 
(CF3- (CF 2): COOH)? are added, and, after thorough mixing and standing 
for 30 minutes, the precipitated proteins are removed by centrifugation, 
Duplicate samples of the centrifugate, 4 ml. each, are then analyzed for 
amino acid nitrogen by the method of Frame, Russell, and Wilhelmi (14) 
as modified by Russell (15). 

Materials Used—In the control experiments, use was made of physiolog- 
cal saline and, in some cases, hexamethonium bromide (bistrium). The 
latter substance, more accurately known as hexamethylenebis(trimethy!- 
ammonium bromide), (CHs)3- N+-(CH2)s-N+-(CHs)3-2Br-, is a blocking 
agent against impulses from the autonomic nervous system. We were in- 
terested in the possibility of suppressing the discharge of epinephrine which 
we suspect accompanies the stresses induced when animals are manipulated 
during the experiment and rat tails are snipped. This seems to take place, 
if we may attach significance to the slight but troublesome hypoamino- 
acidemia reported upon in our control experiments (Table I); hence, the 
use of bistrium in trial experiments. 

Epinephrine. Parke, Davis and Wellcome preparations were employed. 

l-Norepinephrine. Eli Lilly and Company and the Sterling-Winthrop 
Research Institute provided this material as the bitartrate monohydrate, 


* Obtained from the Minnesota Mining and Manufacturing Company, St. Paul, 
Minnesota. We find this precipitant greatly superior to tungstic acid: the centrifu- 
gates are invariably water-clear, whereas with tungstic acid exceptional care must be 
exercised to adjust accurately the proportions of sodium tungstate and sulfuric acid. 
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ACTH. The following preparations of adrenocorticotropin were used: 
A product obtained from The National Drug Company; ACTHAR (lyo- 
philized), equivalent to standard LA-1-A lyophilized, dissolved in physio- 
logical saline before use; H. P. ACTHAR gel (prolonged action), 40 Ar- 
mour units per ml., lot No. L-16012, ACTH purified, in gelatin; equine 
anterior pituitary extract (EAPE), prepared from horse pituitaries by Rin- 
fret et al. (16). The two ACTHAR preparations were obtained from Ar- 
mour and Company. 

Growth hormone. Use was made of a growth hormone preparation from 
beef pituitaries, lot No. 285-183, made by the Wilhelmi procedure, and ob- 
tained from Armour and Company. 

Cortisone (11-dehydro-17-hydroxycorticosterone). This was used as 
the acetate and was obtained from The Glidden Company, Merck and 
Company, Inc., and The Upjohn Company. 

Desoxycorticosterone (Ciba). 

Diethylstilbestrol (Ingram) and testosterone (Sharp and Dohme) were 
used. 

Experimental substances were dissolved in physiological saline, except 
growth hormone and EAPE for which distilled water was employed. In- 
jections were in all cases subcutaneous, except growth hormone, which was 
administered intraperitoneally. Volumes of 0.5 to 2.0 ml. were injected, 
depending upon the size of the animal. 


Treatment of Analytical Data 


In Tables I to V results are presented as averages for the groups with the 
average deviations from the mean reported in parentheses. If the analyses 
on duplicate samples disagreed by +2 per cent, both values were rejected. 
If, because of occasional difficulties in bleeding, or for the reason just 
stated, initial values could not be obtained on a given rat, subsequent 
values obtained from the animal at 1, 2, and 4 hours were discarded. 

The results, in all cases, are expressed as percentages of initial values. 
This method of presentation is used because the naphthoquinone reaction 
is by no means independent of small differences in the amounts of reagent 
used: the excess quinone is not completely bleached out. In consequence, 
a small error in the preparation of this reagent may cause the values ob- 
tained from a given group of rats to be too high or another batch of the 
reagent may yield values that are slightly low. The absolute values ob- 
tained on a given day may be strictly comparable and consistent among 
themselves but not quite so comparable with those obtained on another 
day. 

We have, however, calculated the averages and ranges for all zero hour 
values. For intact males the average preinjection value (116 rats) was 
found to be 13.96 mg. of amino nitrogen per 100 ml. of blood (range 17.6 
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to 11.1). For intact females (120 rats) and hypophysectomized male 
(104 rats) and females (110 rats), the corresponding values were 13.39 
(17.6 to 10.6), 12.62 (16.6 to 8.6), and 13.19 (16.9 to 9.6), respectively, 
Li, Geschwind, and Evans (17) have reported that “hypophysectomy it. 
self produces a significant lowering of the plasma amino acid.”’ Our find. 
ings support this statement, certainly in so far as males are concerned, 

To provide a base-line for comparisons, we have also averaged the values 
(as percentages of initial) for all control rats except those receiving bis. 
trium, doing so in three groups at postinjection times of 1, 2, and 4 hours, 
These values prove to be 99.6, 95.8, and 97.5, respectively. With this set 
of values as a base-line, we consider that any group average that falls below 
90 is very significant. 


Results 


Controls—In Table I we present the results of control experiments, 
Many animals were injected with 0.9 per cent (0.14 m) sodium chloride as 
the test substance. Others were uninjected. It will be noted that persis. 
tent but small decreases in the amino nitrogen content of the blood were 
consistently observed. It occurred to us that the conditions of stress in- 
duced by manipulation of the animals might evoke a secretion of epineph- 
rine to which this effect might be attributed. We, therefore, attempted 
to block the discharge of impulses to the adrenal medulla by means of the 
ganglionic blocking agent, bistrium. Although it was used at several con- 
centration levels, the small decreases observed with the hypophysectomized 
animals were not abolished. True, with intact normal males, bistrium ac- 
tually led to an increase in amino acid nitrogen, but the significance of this 
is not apparent, since, with intact females, no such effect was observed. 

Inasmuch as the hypophysectomized rats were all of small size (100 to 
160 gm.) relative to the intact animals (250 to 350 gm.), we endeavored to 
look into the possible effects of increased hemorrhage (cf. (8)) upon the 
amino acid lowering. This was done by withdrawing from intact male 
rats weighing 280 to 300 gm. blood samples of 0.2 ml. instead of 0.1 ml. 
In consequence, the percentage of circulating blood that was withdrawn 
was comparable to the 0.1 ml. withdrawals routinely made in animals of 
half the body weight. In the case of four normal males the 1, 2, and 4 
hour values were 95.5, 97.3, and 100 per cent, respectively, as compared 
with 94.2, 96, and 96 per cent for four other males run at the same time 
but with only 0.1 ml. samples withdrawn. We conclude that the smaller 
size of the hypophysectomized animals and the consequently greater per- 
centage withdrawal of blood that attended their use did not influence the 
degree of hypoaminoacidemia observed in the control animals. 

Epinephrine and Norepinephrine—The experiments with epinephrine and 
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norepinephrine are reported upon in Table II. It will be observed that, 
except at the subminimal dosage level of 0.025 mg. per kilo, epinephrine 
reduces the concentration of amino acid nitrogen in the blood of normal 
animals to levels well below those of any of the controls (Table I). This 
confirms previous work from this laboratory in which rabbits were em- 
ployed (7-9, 18). It will also be noted that corresponding reductions were 


TABLE [| 


Control Experiments 








Animals used Blood amino N, per cent of preinjection value 
wee Hrs. after injection 
No. Sex State | | -— 
| 1 2 4 
3 | M. | I.* | 0.14 m NaCl, 5 | 93.8 (2.5)f| 94.6 (2.5) | 102.4 (8.6) 
| | oml. 
g | F. oe | " " | 103.5 (4.2) | 96.1 (3.1) 100.6 (7.4) 
8 M H " 4 | 96.0 (3.2) | 93.4 (4.2) | 91.7 (4.8) 
il F. ais ‘. " | 109.6 (10.5) 97.8 (4.6) 97.0 (3.3) 
7 ss : No injection | 101.1 (4.7) 97.7 (5.5) 96.1 (5.4) 
4 | M. | oH. sy ™ | 100.4 (3.9) 95.8 (2.8) 96.8 (2.2) 
5 | F. o ” “ | 97.7 (5.1) | 93.2 (2.5) | 99.6 (4.1) 
6 | M. I. Bistrium brom- | 98.4 (3.9) | 101.0 (7.3) | 108.2 (7.5) 
| | ide, 5 mg. 
7 | F. | « . “ | 93.9 (3.1) | 100.7 (5.2) | 95.0 (4.2) 
6 | M. | H. | Bistrium brom- | 100.2 (4.8) | 99.5 (5.8) | 95.4 (5.3) 
| ide, 1 mg. 
\ Tie Hie | Bistrium brom-| 98.9 (4.6) 99.3 (6.3) | 98.7 (9.1) 
| | ide, 5 mg. | 
7 x - Bistrium brom-|} 98.7 (3.4) 97.3 (2.9) | 95.2 (1.8) 
| | | ide, 8 mg. | 
5 | F. | as 3istrium brom-| 94.9 (3.3) 94.5 (3.1) | 96.0 (4.4) 
ide, 12 mg. 
*]. = intact; H. = hypophysectomized. 


+ Average deviation from the mean. 


obtained when hypophysectomized rats were injected with epinephrine. 
This proves for the first time that the epinephrine effect is not mediated 
through the pituitary. Again we resorted to bistrium in four experiments 
in the hope of minimizing the endogenous output of epinephrine presumed 
to be induced by the state of stress imposed upon the animals. The results 
obtained with epinephrine in the absence of the ganglionic blocking agent 
are confirmed. 

Ina previous paper Brunish and Luck had reported (18) that norepineph- 
tine did not induce hypoaminoacidemia in the rabbit. It seemed desirable 
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to repeat this experiment in the present series on rats. While we were able 
to confirm the negative effect of norepinephrine in the intact animal, we 
were surprised to observe that the substance was as positive in its effegt 
upon the hypophysectomized animal as was epinephrine. 


TABLe II 


Experiments with Epinephrine and Norepinephrine 





Animals used | Blood amino N, per cent of preinjection value 
| 


= Quantity injected — 
(subcutaneous) per kilo | Hrs. after injection 











No. Sex | State body weight | : 
1 2 4 
e ae. [.* | Epinephrine, 0.025 | 96.9 (4.0) | 95.0 (2.8) | 95.2 (3.0) 
| mg. 
ae mal iY <a Epinephrine,0.1 mg.| 90.6 (1.3) 88.2 (3.3) 91.8 (4.1) 
7 Be - 4 . 0.25 | 89.0 (2.7) | 80.9 (3.5) | 89.4 (4.8) 
| mg. | 
9;/M/ « | . 7 93.9 (2.6) | 88.4 (2.2) | 88.7 (3.0) 
7 i oa " . | 95.8 (1.7) | 87.0 (2.0) | 85.2 (2.0) 
is 4 @. _ 7 ws 89.7 (3.1) | 86.3 (4.6) | 85.6 (4.4) 
8 M. & Bistrium, 5 mg., fol- 88.9 (2.5) | 85.3 (1.3) | 90.7 (4.0) 
| | lowed by epi- 
nephrine, 0.25 | 
| | | | 
4% . ‘ | 88.6 (2.5) | 85.0 (3.5) | 90.3 (0.7) 
6 iM t 2B. ¥ - | 90.8 (1.5) | 89.2 (3.4) | 88.1 (2.5) 
time *. r : | 88.7 (2.7) | 87.6 (3.7) | 95.3 (3.8) 
1 i et £ l-Norepinephrine | 95.1 (8.0) | 100.0 (7.9) | 111.1 (3.5) 
bitartrate-H.O, 
1 mg. 
g | F. “ " . 98.8 (2.1) | 94.9 (1.9) | 103.7 (2.5) 
9 | M. | H. “ " 91.3 (4.8) 89.1 (6.6) | 84.9 (7.4) 
7 | F. ‘4 ' ° 90.9 (2.2) 89.3 (5.8) | 88.5 (4.0 
* 1. = intact; H. = hypophysectomized. 


+ Average deviation from the mean. 


ACTH—The theory of Long states in effect that the secretion of ACTH 
is, in part at least, a response to pituitary stimulation by epinephrine. If, 
in the phenomenon reported upon here, the action of epinephrine is inde- 
pendent of the pituitary, there would be no reason, a priori, for any induc- 
tion of hypoaminoacidemia by ACTH. We injected four ACTH prepa- 
rations: National, ACTHAR, H. P. ACTHAR, and EAPE. Since EAPE 
has been shown to repair and to maintain the adrenal cortex of the hypo- 
physectomized rat (16), we also tried the administration of ACTH in ani- 
mals pretreated with EAPE. The findings are presented in Table III. 
We conclude that ACTHAR is without effect on the amino nitrogen con- 
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re able | tent of the blood of intact rats, hypophysectomized rats, or of animals pre- 
ral, we | treated with EAPE. The positive effects observed with ACTH (National) 
; effect | and with EAPE can be attributed to impurities, probably to growth hor- 

TaB.e III 
Experiments with ACTH 
: Animals used Blood amino N, per cent of preinjection value 
—_ me Substance injected Hrs. after injection 
No.| Sex State |- _ ar 
1 | 2 4 
j _—_ | |- - == oS 
7| M.| L* |ACTHAR, 25 units | 100.7 (3.6) | 99.1 (8.7) | 101.2 (4.0) 
(3.0) | per rat 
ow, | “ | r 95.7 (0.6) 103.2 (2.7) | 101.9 (4.1) 
(4) 7| “ | “ |ACTHAR, 10 units per} 95.4 (6.9) | 98.3 (6.6) | 99.0 (6.1) 
8) | kilo 
2| M. | H. * . 99.1 (1.8) 93.4 (1.5) | 94.7 (0.6) 
(3.0) ae..i * | * . 103.2 (3.2) | 98.1 (4.9) | 93.8 (4.3) 
2.0) 7| “ | © | National, 2 units per | 99.4 (7.2) | 93.8 (4.6) | 86.8 (3.4) 
(4.4) | .. 
(4.0) u| M. | I. | EAPE, 20 mg. per 94.2 (2.5) | 89.6 (2.7) | 87.6 (1.7) 
| kilo 
se. | _ o | 101.6 (6.3) 94.7 (5.7) 90.9 (6.8) 
7| M. | H. r if | 99.0 (4.1) 89.9 (1.9) | 88.1 (8.6) 
0.7) — | * | ' " | 95.7 (2.4) | 88.3 (4.8) | 77.0 (4.6) 
(2.5) 7| M. = r “i 96.4 (4.1) 90.4 (4.8) 82.4 (2.7) 
(3.8) followed 3 days la- | 
(3.5) | ter by National, 2 | 
| | units per rat 
7| « | 7, | BAPE, 20mg. per | 90.2 (2.9) | 90.2 (4.2) | 92.7 (0.9) 
(2.5) kilo, followed 3 | 
(7.4) days later by Na- | | 
(4.0) tional, 4 units per | | 
| | rat 
5| F. | “ | ACTHAR, 2.5 units | 98.4 (1.0) | 97.7 (4.4) | 97.3 (1.9) 
| | per rat 
6; M.| “ | H.P. ACTHAR, 10 | 95.8 (3.6) | 89.2 (2.9) | 94.9 (3.5) 
" | units per kilo | 
_ 7| F. | H. ° ” | 99.7 (4.1) 97.1 (6.4) | 88.4 (3.5) 
inde- * I. = intact; H. = hypophysectomized. 
ndue- t Average deviation from the mean. 
repa- ; 
APE mone (see Table IV). We were surprised to note that H. P., ACTHAR also 
hypo- lowered the amino acid nitrogen of the blood. This strongly suggests that 
1 ani- the product is not identical with ordinary ACTHAR.? 
> TI. ‘Purity is defined here in terms of amino acid lowering, it being inferred that the 
| con- factor in “crude” preparations responsible for the hypoaminoacidemia is not identical 
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The positive effects reported with ACTH in rabbits (13) are likewise be. 
lieved to result from similar impurities in the equine ACTH and commercial 
bovine ACTH employed (or to loss of potency of ACTHAR?). 

We are unable to confirm the report of Li et al. (17) that adrenocortico. 
tropin increases the concentration of amino acids in the blood of rats. 

Growth Hormone—tThe literature contains many reports (17, 19-25) to 
the effect that growth hormone preparations lower the non-protein nitro. 
gen or the amino acid nitrogen of the blood or blood plasma of rats and 
dogs. This reduction has been obtained with highly purified preparations 
(17, 25) and has also been observed in hypophysectomized rats following 
administration of pituitary growth hormone (17, 23). Administration of 
growth hormone in the current study (Table IV) resulted in a considerable 


TaBLe IV 


Experiments with Growth Hormone 





Animals used | Blood amino N, per cent of preinjection value 





Beef pituitary growth 


| 
| Le 
hormone injected Hrs. after injection 


No. Sex State eons 
1 2 4 
me ee WE aes 

7 | M. | i | 2 mg. 95.6 (2.8)f) 89.4 (2.6); 89.8 (4.8) 
6 | F. “ 2 « 100.0 (2.4) | 91.2 (7.0), 83.7 (4.0) 
6 | M H t 89.7 (10.0) | 81.7 (11.0)| 78.5 (13.0) 
0 | F. | « 1 « 92.0 (4.9) | 86.1 6.0) 82.5 (6.3) 
8 |M.|A 1.5 “ 98.4 (3.6) | 96.7 (2.6)| 97.5 (4.2) 
* I. = intact; H. = hypophysectomized; A. = adrenalectomized. 


t Average deviation from the mean. 


lowering of the blood amino acid nitrogen in both intact and hypophysec- 
tomized rats. Growth hormone, however, had no appreciable effect on 
the blood amino acid nitrogen of adrenalectomized rats. It would thus 
appear that the amino acid-lowering property of growth hormone is medi- 
ated through epinephrine (or, possibly, adrenocortical hormones). 

Steroid Hormones—In our preliminary paper (13) we reported that cor- 
tisone acetate elevated the concentration of amino acid nitrogen in the 
blood of rabbits. Since this finding had been quite puzzling, we reinvesti- 
gated this substance by administering it to rats. Similar experiments with 
desoxycorticosterone acetate (DOCA) were also carried out. Testosterone 








with adrenocorticotropin. Alternatively, if one adopts the premise that amino 
acid lowering is really an adrenocortical function, possibly initiated by epinephrine 
from the adrenal medulla, it would follow that Armour’s ACTHAR (but not H. P. 
ACTHAR, National ACTH, or EAPE) has suffered some loss of activity either in the 
course of preparation or while stored in the lyophilized state. 
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e be. and diethylstilbestrol were studied because of the well known intimate 
Prelal fF fynctional relationships among the adrenal cortex, the pituitary, and the 
sex glands. The results are presented in Table V. Unlike our findings 
rtico- f with rabbits, cortisone is shown to be without effect on the concentration 
of amino acids in the blood. The other three steroids were equally nega- 
)) to 
iitro- TABLE V 
} and Experiments with Steroid Hormones 
tions 
: l Animals used Blood amino N, per cent of preinjection value 
Wing aa ty re 
mm. of ee > me Hrs. after injection 
rable No. | Sex | State ~ nn 
| | 2 | 4 
4 |M. 1.*  Cortisone (Glidden), 20 93.8 (3.1)f | 89.2 (2.1) | 90.1 (3.5) 
mg. | 
; 7 |F. . Cortisone (Merck), 20 | 108.8 (6.3) | 103.7 (5.2) | 101.0 (3.1) 
= mg. | | 
5 | M. | H. 3 7 99.3 (4.1) | 96.9 (1.1) | 95.3 (6.2) 
aiy. |“ . - 102.0 (2.6) | 93.4 96.6 (5.4) 
6 | M. | I. DOCA (Ciba), 20 mg. 96.9 (2.9) 96.6 (3.5) | 98.8 (2.7) 
—— 7 1 F. a i Ee 2 ** 97.1 (2.6) 95.8 (3.4) 98.0 (3.0) 
(4.8) 4|M.|H 20 « 97.5 (7.7) 93.6 (3.6) | 92.7 (4.7) 
(4.0) @\F. | “ “ “99 « 99.4 (2.2) | 97.6 (3.0) | 94.6 (2.8) 
3.0) 6 M. I. | Diethylstilbestrol (In- 97.8 (2.1) | 94.5 (0.9) | 95.5 (4.0) 
(6.3) gram), 5 mg. 
4.9) 7\F. “ “ Ki 95.5 (2.4) | 91.8 (2.0) | 98.9 (2.3) 
6 {M. | H. x 7 86.4 (4.0) 87.1 (8.2) 82.9 (3.2) 
7\F. | “ . “ 91.0 (3.6) | 85.5 (8.1) | 86.2 (4.1) 
a ae & Testosterone (Sharp 100.1 (4.4) 94.4 (3.0) | 96.2 (2.8) 
and Dohme), 10 mg. 
si 4\F. | “ “ “ 100.1 (4.6) 97.1 (2.0) | 101.3 (2.5) 
| 6|M. | H. “ “ 96.4 (5.8) | 94.3 (5.7) | 90.7 6.7) 
Pass 5|F. « “ “ 102.9 (2.6) | 95.5 (3.2) | 99.6 (2.0) 
hus = S eee rs 
edi- *I. = intact; H. = hypophysectomized. 
+ Average deviation from the mean. 
cor- . . . . . . . . 
the tive in effect, with the exception of diethylstilbestrol in hypophysectomized 
sti- animals. Here, curiously enough, hypoaminoacidemia followed upon the 
sith injection of diethylstilbestrol. 
one 
oe SUMMARY 
nino — — 7 : . 4 , 
: 1. The subeutaneous administration of physiological saline to intact and 
rine . I . 4 4 z " 
Pp. hypophysectomized rats leads to a small reduction in the amino nitrogen 
the concentration of blood. 
2. Hexamethonium bromide was investigated as a possible agent for sup- 
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pression of this “control” hypoaminoacidemia, through blocking of the 
autonomic innervation of the adrenal medulla. 

3. The capacity of subcutaneously injected epinephrine to lower signif. 
cantly the concentration of amino acids in the blood of normal animals 
is confirmed. 

4, l-Norepinephrine is without effect in intact rats but induces hypo- 
aminoacidemia in the hypophysectomized animal. 

5. Epinephrine induces hypoaminoacidemia in the hypophysectomized 
animals. The medullary hormone, in so far as this phenomenon is ¢op. 
cerned, does not exert its action through the pituitary. 

6. Of several adrenocorticotropin preparations that were studied, 
ACTHAR alone was without effect on blood amino acid levels. This is 
discussed in reference to the problem of ACTH purity. 

7. Cortisone, desoxycorticosterone, and testosterone were without effect, 

8. Growth hormone induced a hypoaminoacidemia in intact and in hy- 
pophysectomized rats. No lowering was observed, however, when this hor- 
mone was administered to adrenalectomized rats. 

9. Diethylstilbestrol induced hypoaminoacidemia in the hypophyseeto- 
mized rat but not in the intact animal. 


We are greatly indebted for the /-norepinephrine used in this investiga- 
tion to the Sterling-Winthrop Research Institute and the Eli Lilly Com- 
pany, for growth hormone to the Armour Laboratories, and for various 
adrenocortical steroids to the Glidden Company, Merck and Company, 
Inc., G. D. Searle and Company, and The Upjohn Company. 

The research was carried out with the support of a grant-in-aid from 
the United States Public Health Service (grant No. A-312). 
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GUANOSINE DIPHOSPHATE MANNOSE* 


By E. CABIB anv LUIS F. LELOIR 


(From the Instituto de Investigaciones Bioquimicas, Fundacién Campomar,t 
Buenos Aires, Argentina) 


(Received for publication, September 1, 1953) 


Uridine diphosphate glucose (UDPG)! has been isolated from yeast and 
found to act as coenzyme in the transformation of galactose-1-phosphate to 
glucose-1-phosphate (1, 2). Similar compounds in which the glucose resi- 
due is replaced by galactose (3), acetylglucosamine (4), an amino sugar 
derivative plus amino acids (5), or glucuronic acid (6) have been described. 

This paper describes the isolation of a related compound which was first 
detected by paper chromatography of UDPG preparations purified by an- 
ion exchange and which appears to be guanosine diphosphate mannose 
(GDPM). 

Isolation of GDPM—tThe starting material was a nucleotide mixture ob- 
tained from bakers’ yeast. The UDPG content has been found to in- 
crease by a short period of autolysis (2), and hence in the preparation of 
UDPAG (4) it was found convenient to omit this treatment in order to 
obtain a higher ratio UDPAG:UDPG. Better results for GDPM were 
obtained by including the autolysis step. 

The yeast nucleotides were extracted with 50 per cent ethanol, followed 
by precipitation with mercuric acetate. In the preparation of UDPG (2) 
this precipitate was separated in two fractions, one soluble and another 
insoluble in 1 M ammonium acetate. The soluble fraction was found to 
contain most of the UDPG and UDPAG, while nearly all of the GDPM 
remained in the insoluble fraction. 

In the further purification of GDPM the nucleotide mixture obtained 
by decomposition of the mercury salts with H.S was fractionated with an 
anion exchange column. In some cases GDPM and UDPG were eluted 
from the column in a single peak, and the two substances had to be sepa- 
rated by paper chromatography. When the UDPG content of the extract 


* This investigation was supported in part by a research grant (No. G-3442) from 
the National Institutes of Health, United States Public Health Service, and by the 
Rockefeller Foundation. 

t Calle J. Alvarez 1719. 

!The following abbreviations will be used: UDPG for uridine diphosphate glu- 
cose, GDPM for guanosine diphosphate mannose, UDPAG for uridine diphosphate 
acetylglucosamine, AMP-5’ for adenosine-5’-phosphate, ADP for adenosinediphos- 
phate, UMP-5’ for uridine-5’-phosphate, UDP for uridine diphosphate, GMP-5’ for 
guanosine-5’-phosphate, and GDP for guanosine diphosphate. 
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was not very high, as in the experiment shown in Fig. 1, a good separation 
was obtained. The GDPM-containing fractions were concentrated by ad. 
sorption and elution on charcoal. The product obtained was contaminate 
with a substance having the properties of guanosine-5’-phosphate. This 
compound was probably produced by decomposition of GDPM during the 
concentration process, since GMP-5’ emerged from the column much earlier 
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EFFLUENT LITERS 
Fic. 1. Separation of yeast nucleotides by ion exchange (see Preparation 2 under 
“‘Methods”’). The figures for HCl and NaCl represent the molarity. Probable 
identity of the substance in each peak: Peak II, AMP-5’; Peak IV, UMP-5’; Peak 
VI, GMP-5’; Peak VII, inosinic acid; Peak IX, ADP; Peak X, GDPM plus UDPAG; 
Peak XI, UDPG; Peak XII, UDP plus unidentified compound; Peaks T, IIT, V, VIII, 
XIII, and XIV, unidentified substances. 


than GDPM (Fig. 1). The two substances were separated by ionophoresis 
on starch, after which GDPM was precipitated as the calcium salt. 

Nucleotide Moiety--The ultraviolet absorption spectrum of the sub- 
stance is presented in Fig. 2. The curve is nearly identical to that of gua- 
nosine and shows the same changes in acid and in alkaline solution. 

Calculations based on phosphate estimations and on the guanosine con- 
tent obtained from absorbancy values gave two phosphate groups per gua- 
nosine residue. 

The hydrolysis curves of the phosphate groups are presented in Fig. 3. 
In 0.1 N acid at 100° 50 per cent of the phosphate was liberated in 120 min- 





utes. 
hydroly 


a eee 
sine-o - 


Fia. 
the ma 
data o 


Fi 
cents 
paral 





valu 


acid 
pho 
stak 

S 
a re 
two 








ration 
VY ad. 
nated 

This 
1g the 
arlier 


nder 
able 
Peak 
AG; 
/TII, 


esis 


ub- 


On- 
ua- 


1in- 








E. CABIB AND L. F. LELOIR 781 


utes. There was a break in the curve for 1 N acid at 100° at 50 per cent 
hydrolysis, and the second part of the curve was parallel to that of guano- 
sine-5’-phosphate. In the case of UDPG, the rate of hydrolysis of the 
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Fig. 2. Absorption spectra of GDPM and guanosine. The absorbancy value at 


the maximum was taken as equal to 1. Solid and broken lines, guanosine (from the 
data of Hotchkiss (7)); closed and open circles, GDPM. 
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MINUTES 
Fig. 3. Hydrolysis curves for phosphate of GDPM in acid at 100°. The per- 
centages for GMP-5’ were divided by 2 in order to obtain a curve directly com- 
parable with that of GDPM. The broken line was obtained by subtracting the 
values for GMP-5’ from those for GDPM in 1 nN acid. 


acid-labile phosphate group is similar to that of GDPM, but the second 
phosphate group is more stable. This agrees with the known difference in 
stability of the 5’-phosphates of uridine and guanosine (8). 

Sugar M oiety—Mild acid hydrolysis of GDPM leads to the liberation of 
a reducing substance. By paper chromatography of this substance with 
two different solvents, followed by spraying with aniline phthalate (9) or 
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benzidine reagent (10), a single spot was obtained, of which the position 
on the paper and the color were the same as for authentic mannose. Ip 
order to confirm the identity of the sugar, an independent method, iono- 
phoresis on borate-buffered paper (11), was used. The results are shown 
in Table I. 


TaBLe [ 
Paper Chromatography and Ionophoresis of Sugar from GDPM 


Ionophoresis was carried out on a Whatman No. 1 sheet, 57 em. long and 9.2 em 
wide. A potential of 500 volts was applied during 7 hours. 
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open Rxylose with pyri 
: : PS i Rribose with Relucose with borate 
eee “yaaa phenol-ammonia buffer a 

Glucose..... PCR Te eae Cea 0.83 0.61 
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Fig. 4. Liberation of mannose from GDPM heated in 0.01 N acid at 100°. The 
value obtained after 15 minutes was taken as 100. 


Mannose is very easily liberated from GDPM by 0.01 n acid, as can be 
observed in Fig. 4. As unhydrolyzed GDPM is non-reducing, it may be 
concluded that mannose is linked to the rest of the molecule through car- 
bon atom 1. 

Acid Hydrolysis of GDPM—-When GDPM was heated during 15 minutes 
at 100° at its own acidity (concentration of the solution, 2 um per ml.; pH 
about 2.7), all the mannose and very little phosphate (about 10 per cent) 
were liberated. Thus, guanosine diphosphate was expected to be present 
in the hydrolysate. Accordingly, chromatograms with two different sol- 
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vents showed a slow moving, ultraviolet-absorbing spot, which gave a posi- 
tive reaction with the Hanes and Isherwood spray reagent for phosphate 
(12) (see Table II). The reaction with the benzidine color reagent for 
sugars was negative, while it was slightly positive with GDPM. 

Hydrolysis of GDPM under the same conditions as above, but during 
180 minutes, resulted in the liberation of about half the total phosphate 


TABLE II 
Paper Chromatography of GDP and GMP from GDPM 


Radenosine values of ultraviolet-absorbing spots 
Substance 


Ethanol-ammonium Ethanol-ammonium 
acetate, pH 7.5 acetate, pH 3.8 


ree 


¥ selina clk ashe Newt 0.31 0.29 

“ heated 15 min., pH 2.7, 100°..... 0.12 0.24 

‘g ** 180 min., pH 2.7, 100°... 0.18 0.43 

Synthetic GMP-5’ 0.19 0.43 
NE en 0.23 


0.60 


TaBue III 
Action of 5'’-Nucleotidase on Guanosine Monophosphate from GDPM 


The technique was as described by Cabib et al. (4). The amount of substrate 
was 0.24 wm per tube. The Ruridine Of authentic guanosine was 0.79. 


Ruridine of ultra- 


Substrate added Time of incubation |Inorganic phosphate, violet-absorbing 
substances 
min. uM i. 

Gur fom GDPM.......... anes 0 0.03 0.22 
os o ey te : 30 0.17 0.74 
Synthetic GMP-5’ 0 0.02 0.21 
- 7 , 30 0.19 0.73 
Yeast guanylic acid 0 0.03 0.27 


‘ec ‘6 30 0.03 0.27 


and about 10 per cent of the guanine. The latter precipitated upon neu- 
tralization and was identified by its absorption spectrum. The superna- 
tant liquid was submitted to paper chromatography with two different 
solvents. An ultraviolet-absorbing, phosphate-containing spot was ob- 
served. Its Ragenosine Value was the same as that of synthetic guanosine- 
5'-phosphate and clearly different from that of yeast guanylic acid (see 
Table IT). 

The position of the phosphate group in the guanylic acid was further 
confirmed by treatment with a specific 5’-nucleotidase from snake venom 
(13). As can be seen in Table ITI, both the guanylic acid obtained from 
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GDPM and synthetic GMP-5’ were hydrolyzed by the enzyme, yielding 
inorganic phosphate and a substance with an Roriaine Value similar to that 
of guanosine, while yeast guanylic acid was not attacked. The smal] 
difference between the Ryuriaine Values of authentic guanosine and of the 
guanosine obtained from the guanylic acids is to be ascribed to the 
presence of salts in the enzymatic hydrolysates. 

Chromatography of the products of hydrolysis of GDPM in 1 N acid 
during 30 minutes at 100° revealed the presence of a substance which be- 
haved like guanine. The R, values with an isopropanol-hydrochloric acid 
solvent (14) were 0.26 for hydrolyzed GDPM, 0.25 for guanine, and 0.39 
for adenine. 


TaBLeE IV 
Analytical Data for Sample of Calcium Salt of GDPM 

The substance was dried over phosphorus pentoxide at 56° during 4 hours. In 
order to minimize the error due to non-specific ultraviolet-absorbing substances, the 
guanosine concentration was calculated from the absorbancy at two wave-lengths 
in neutral solution as follows. Guanosine concentration (micromoles per ml.) = 
((Agso — Ay)/(Gm,250 — Gm,,)) X 108, where Aos59 represents the absorbancy of the sam- 
ple at 250 my; dm,250 the molar absorbancy at 250. The corresponding values at 
another wave-length are represented as A, and a»,,.. With the data of Hotchkiss 
(7) the same results were obtained by setting \ equal to 230 or 280 my. 








| Moles of com- 


i . Theoretical for | ponent; total 
Companant Found Ca salt | phosphate taken 
as 2.00 
uM per mg uM per mg. 
Guanosine. . ; 1.28 1.55 1.08 
Total phosphate........ Nez 2.36 3.1 2.00 
Labile phosphate, 120 min. in 0.1 N 
acid, 100° 1.23 1.55 1.04 
‘ Mannose 1.04 1.55 0.88 


Structure of GDPM—The analytical data for the calcium salt of GDPM 
appear in Table IV. The results correspond to a preparation of about 75 
per cent purity of a compound containing one guanosine, two phosphate 
groups (one of them being acid-labile), and one mannose residue. 

The fact that the intact compound is non-reducing and that a guanosine 
diphosphate and GMP-5’ are liberated by acid hydrolysis suggests a struc- 
ture similar to that of UDPG and UDPAG, as represented in the accom- 
panying formula. Such a compound, after being passed through a cation 
exchange resin in the acid form, should show on electrometric titration two 
acid groups, one dissociating as a primary phosphate and the other as the 
ammonium cation of guanosine (15). Hydrolysis at the points marked a 
and b would yield one secondary phosphoric acid group in each case. Be- 
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ding } sides, hydrolysis at a and b would liberate mannose and inorganic phos- 
that phate respectively. Therefore, the electrometric data were compared with 








mall —~o— 
the | 
the H H 
| | 
oi 0 Oo o- o- 
. | | | | ® | 
1 De- CH—C—C—C—CH.0—PO—O—PO 
acid | | | 
0.39 H H Ga O (a) 
N N HC———_ 
- oe 
H.N—C Cc My HOCH 
| | CH | 
Ih N C pf HOCH 0 
s, the a a | 
gths C N HCOH 
) = | 
sam- OH HC-——— 
eS at 
hkiss CH.OH 
— the values predicted from total phosphate, inorganic phosphate, and free 
= mannose estimations in samples of the substance, before and after hydroly- 
aken sis. The results, summarized in Table V, while not so clear cut as in the 


TABLE V 
Electrometric Titration of GDPM 


The technique was as described previously (2). 
| fata = — 
| peq. of base 


| Ti ‘ . . P | . 

ime of heating at | , : seTV 

Sample al 4 *5°7 | Calculated from analytical data Observed on electrometric 
100°, pH about 2.7 | 7 











titration 
PM Nl r merrier BP ais 
ie Primary | Secondary Primary* Secondaryt 
ime) a See, eee ee eae _— 2 
hate = 
A 0 5.37 0 5.84 Ot 
. B 15 6.0 3.51 6.9 3.2 
ysine ‘ Ba ” 
( 180 6.2 5.94 6.4 5.6 
Tuc- » me a _ a 
om- | * Corresponds to the dissociation of a primary phosphate group and the am- 
tion | Monium group of guanosine. Titrated to pH 4.5. 
two t Titrated from pH 4.5 to 8.2. 
th t A small amount of alkali (1.3 weq.) was used to shift the pH from 4.5 to 8.2, but 
| the buffering action was at a minimum around the pK zone of secondary phosphate; 
ed a that is, from pH 6 to 7.5. Therefore, it was assumed that this amount of alkali was 
Be- used to titrate impurities, and it was subtracted from all the titrations. 
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case of UDPG and UDPAG (2, 4), are, however, substantially consistent 
with the proposed structure. 


DISCUSSION 

Buchanan et al. (16) have reported the presence of several nucleotide. 
bound hexoses in green plants and algae. The evidence indicated that 
glucose and galactose were present as UDP-glucose and UDP-galactoge. 
A combined form of mannose, presumably GDPM, was also found in the 
same fraction. 

The function of one of these nucleoside-pyrophosphate-sugar compounds 
as donor of the sugar moiety has been proved by Dutton and Storey (6), 
They found that UDP-glucuronic acid acts as a glucurony] donor in the 
synthesis of glucuronides by liver enzymes. A somewhat similar réle for 
UDPG in the synthesis of saccharose phosphate has been postulated by 
Buchanan et al. (16, 17). By analogy it may be assumed that GDPM 
and UDPAG function as donors of mannose and acetylglucosamine regj- 
dues, respectively, and that they are involved in the synthesis of mannan 
and chitin, which are present in the yeast wall (18). 


Methods 

Methods were in general the same as those employed in previous papers 
(2, 4). 

Paper chromatography of sugars was carried out with ethyl acetate- 
pyridine-water (3, 19), or with phenol-ammonia (20). The chromato- 
grams were sprayed with aniline phthalate (9) or benzidine-trichloroacetic 
acid (10). 

For the chromatography of nucleotides and nucleosides, the ethanol- 
ammonium acetate mixtures already described (21) were used. In order 
. to counteract the “tailing” shown by some of the compounds, a small 
amount of sodium Versenate (sodium salt of ethylenediaminetetraacetic 
acid) was added to the solvents (cf. Walker and Warren (22)). The con- 
centration of chelating agent was 10-? m for the solvent of pH 7.5 and 10° 
m for that of pH 3.8. 

After examination for ultraviolet-absorbing spots with a Mineralight 
lamp, the chromatograms were often sprayed successively with benzidine- 
trichloroacetic acid and the Hanes and Isherwood molybdate reagent (12) 
to ascertain the position of sugar- and phosphate-containing substances. 

[onophoresis on paper of sugars and nucleotides was performed with an 
apparatus similar to that devised by Kunkel and Tiselius (23). A 0.05 
M borax solution (pH about 9.2) was employed for sugars (11), and a 0.05 
M ammonium acetate buffer of pH 3.8 for nucleotides. In chromatographic 
as well as in ionophoretic experiments, the position of the substances on 
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the paper was usually referred to the position of an appropriate standard 
(glucose, xylose, or ribose for sugars, and adenosine or uridine for nucleo- 
tides); the results are given in the form 


distance traveled by unknown 
distance traveled by standard substance 





Retanteré - 


Preparation of GDPM 


Preparation 1—In this case a nucleotide mixture, obtained as for the 
preparation of UDPAG but from toluene-treated yeast (950 ml. containing 
about 6000 um of nucleotides calculated as uridine from the absorbancy at 
260 mu), Was submitted to chromatography on the same Dowex 1 column 
previously employed for UDPAG (4). Considerable overlapping occurred 
between the UDPAG and UDPG peaks, eluted with 0.03 n sodium chloride 
in 0.01 N hydrochloric acid, owing probably to the relatively small amount 
of UDPAG present (cf. Cabib et al. (4)). The fractions corresponding to 
the UDPG peak were pooled and concentrated as previously described 
(4) and then chromatographed on blotting paper sheets (24) with ethanol- 
ammonium acetate of pH 3.8. The Ragenosine Values with this solvent were 
usually about 0.30 for GDPM, 0.45 for UDPG, and 0.60for UDPAG. The 
blotting paper was prewashed with the same solvent and then with ethanol 
and distilled water successively. After chromatography, the ultraviolet- 
absorbing zone corresponding to GDPM was cut off, washed with ethanol 
to remove most of the ammonium acetate, and eluted with distilled water. 
The yield was about 25 uM. 

Preparation 2—-10 kilos of bakers’ yeast were submitted to the same ini- 
tial steps as for the preparation of UDPG (2). The precipitate of the 
mercury salts of nucleotides (Step 2) was extracted with 1200 ml. of 1m 
ammonium acetate. The insoluble fraction was blended with 1000 ml. of 
water and decomposed with hydrogen sulfide in the cold. After filtering, 
the resulting solution was aerated and neutralized. It was found by acid 
hydrolysis of small samples, followed by paper chromatography, that this 
fraction contained most of the acid-labile mannose. The extract (960 ml., 
containing about 8000 um, calculated as above) was run on the Dowex 1 
resin column as for Preparation 1 (see Fig. 1). The substances correspond- 
ing to the different peaks were tentatively identified by their ultraviolet 
spectra, phosphate content, and chromatographic behavior, often by com- 
parison with the nucleotides isolated previously (4). From Peak X about 
340 um of GDPM (calculated from the absorbancy at 260 my), contami- 
nated with small amounts of UDPAG, were obtained. The substances 
were concentrated by adsorption and elution on charcoal and precipitated 
by stepwise addition of ethanol in the presence of calcium chloride (4). 
The calcium salt of GDPM, which is less soluble, precipitates in the first 
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fractions practically free from UDPAG. ‘The preparation thus obtained 
was contaminated with a substance which migrated like GMP-5’ on paper 
chromatography or ionophoresis. The latter procedure was selected for the 
preparative separation. Several fractions of the calcium salt of GDPM, 
totaling 42 mg., were pooled and dissolved in water, after which the calcium 
was removed with ammonium oxalate. The supernatant liquid was sub- 
mitted to ionophoresis on starch as described by Kunkel and Slater (25), 
A starch slab, 45 cm. long X 5 cm. wide X 0.5 cm. thick, moistened with 
0.05 M ammonium acetate buffer of pH 3.8, was employed. The sample 
(0.7 ml.) was spotted at 4.5 cm. from the cathodic end along a transversal 
depression, which was afterwards replenished with barely moist starch, 
lonophoresis was carried out during 6 hours under a potential of 750 volts, 
The position of the substances was ascertained with the Mineralight lamp. 
The GDPM band, which had migrated faster toward the anode, was cut 
off and extracted with two 75 ml. portions of water on a Biichner funnel, 
The water extracts were pooled, evaporated to dryness in vacuo, and left 
during 3 days at 35° in a vacuum desiccator containing sodium hydroxide 
and sulfuric acid to remove as much ammonium acetate as possible. The 
residue was redissolved in water, and GDPM precipitated as the calcium 
salt with aqueous ethanol. Yield, 21 mg. 

Preparations 1 and 2 were chromatographically identical, but Prepara- 
tion 2 was purer, as judged from the analytical data, and was used for all 
the determinations, except for the acid hydrolysis curve of phosphate and 
the identification of guanine. 


Degradation Products of GDPM 


Identification of Mannose--For the quantitative tests, GDPM was hy- 
drolyzed with 0.05 N sulfuric acid during 15 minutes at 100°, the mixture 
_was neutralized with 0.06 N barium hydroxide, and the nucleotides were 
precipitated by adding equal volumes of 5 per cent zinc sulfate and 03 
N barium hydroxide. After centrifuging, mannose was determined in an 
aliquot of the supernatant liquid with an adaptation of the Schales and 
Schales ferricyanide method (26). 

To obtain a solution of the sugar suitable for chromatography or iono- 
phoresis, an aliquot of Sample B, previously used for the electrometric 
titration (see Table V), was passed successively through cation exchange 
and anion exchange resin columns (Dowex 50 and Amberlite IR-4B re- 
spectively). The solution was then evaporated in vacuo, and samples were 
taken for chromatography or ionophoresis on paper (Table I). 

Guanosine Diphosphate-Aliquots of Sample B from the electrometric 
titration (Table V) were evaporated in vacuo and used for chromatog- 
raphy (Table II). 
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ined Guanosine M onophosphate—An aliquot from Sample C, used for the elec- 
aper trometric titration (Table V), was centrifuged to separate the guanine 
the which had precipitated, and the supernatant liquid was divided in two 
PM, portions. One was evaporated in vacuo and used for paper chromatog- 
ium raphy (Table II), while the other was brought to pH 9 with 0.3 N barium 
sub- hydroxide to precipitate inorganic phosphate. After centrifuging, the su- 
25), pernatant fluid was neutralized with sulfuric acid and centrifuged again. 
with The resulting solution was evaporated in vacuo and used for the incubation 
nple with 5’-nucleotidase (see Table ITT). 

Tsal 
reh, The authors wish to express their gratitude to Professor A. R. Todd for 
olts, a sample of synthetic guanosine-5’-phosphate, to Dr. L. A. Heppel for a 
mp. preparation of 5’-nucleotidase, and to Dr. C. E. Cardini, Dr. H. Pontis 
cut Videla, Dr. J. L.. Reissig, and Dr. R. E. Trucco for useful criticism. They 
nel, are specially indebted to Dr. A. C. Paladini for help with the ionophoretic 
left methods. 
xide 
me SUMMARY 
The 
jum The isolation of a mannose-containing nucleotide from yeast is reported. 
Mannose was identified by chromatography and ionophoresis on paper. 
ara- The nucleotide was found to give an ultraviolet absorption spectrum nearly 
r all identical to that of guanosine and to contain two phosphate groups. Man- 
and nose could be liberated by mild acid hydrolysis. Further hydrolysis led 
to the removal of one phosphate group, leaving a substance which behaved 
like guanosine-5’-phosphate on paper chromatography and when treated 
with 5’-nucleotidase. After treatment with stronger acid, a substance 
hy- with the properties of guanine was detected. The properties of the com- 
ture pound, including the titration curves, are consistent with those of a struc- 
vere ture in which the terminal phosphate of guanosine-5’-pyrophosphate is 
0.3 joined to a mannosy] residue. 
1 an 
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GLUTAMIC ACID INHIBITION OF ASPARTIC ACID 
UTILIZATION IN THREONINE BIOSYNTHESIS 


By JOANNE M. RAVEL, BARBARA FELSING, anno WILLIAM SHIVE 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, August 31, 1953) 


The observation that Leuconostoc dextranicum 8086 requires either as- 
partic acid or threonine for growth resulted in studies in which a réle of 
aspartic acid in the biosynthesis of threonine was demonstrated in certain 
lactobacilli (1). 

In the present investigation, the nature of the requirement for either as- 
partic acid or threonine for growth of L. dextranicum 8086 has been found 
to be the result of a competitive inhibition by glutamic acid of the utiliza- 
tion of aspartic acid in the biosynthesis of threonine. 


EXPERIMENTAL 
Methods 


Cultures of L. dextranicum 8086 were maintained by conventional bac- 
teriological practices. Cells for inoculation of the assay medium were 
cultured for 20 to 24 hours at 30° in 10 ml. of an enriched medium, as previ- 
ously described (1). The assay procedure and medium were the same as 
those previously described (1) except that the medium was modified by 
omitting aspartic acid, threonine, lysine, and glutamic acid, decreasing 
the biotin concentration to 0.005 y per 5 ml. assay tube, increasing the 
concentration of Salts A 4-fold, and adding 100 y of L-glutamine aseptically 
to each assay tube after autoclaving. 


Results 


L. dextranicum 8086 requires either aspartic acid or threonine for growth 
ina medium containing glutamic acid; however, if glutamine is used in 
place of glutamic acid, growth occurs in the absence of both aspartic acid 
and threonine. The effect of glutamic acid on growth of the organism is 
indicated in Table I. Growth of the organism is completely inhibited at 
aconcentration of 50 to 100 y of pt-glutamic acid per 5 ml. The inhibition 
is competitively prevented by pL-aspartic acid, resulting in an inhibition 
index of 50 to 100 over approximately a 100-fold range in concentrations. 
Separate experiments indicate that L-glutamic acid is approximately twice 
as effective as pi-glutamic acid in inhibiting growth of the organism, and 
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INHIBITION OF ASPARTIC ACID 
that L-aspartic acid is approximately twice as effective as DL-aspartic acid 
in preventing the inhibition. 

The effect of threonine in supporting growth of the organism in the pres- 
ence of different concentrations of glutamic acid is shown in Table I]. 
Threonine at a relatively low concentration of 2 to 5 y per 5 ml. completely 
prevents the toxicity of glutamic acid at concentrations from 200 to 5000 


TaBLe | 


Reversal of Glutamic Acid Inhibition by Aspartic Acid 


Test organism, L. dextranicum 8086; incubated 24 hours at 30°. 


pi-Glutamic 


pL-Aspartic 


Galvanometer 


pi-Glutamic 


pL-Aspartic 


Galvanometer 


aci acid readings* acic acic readings* 
yperSml. | vy per5mi. y per 5 ml. ¥ per 5 ml. 

0 0 48 500 10 19 
10 0 41 1,000 10 17 
20 0 27 2,000 10 14 
50 0 17 0 20 53 

100 0 8 200 20 56 

0 2 51 500 20 35 
20 2 19 1,000 20 19 
50 2 38 2,000 20 18 

100 2 21 0 50 50 
200 2 12 500 50 47 

0 | 5 51 1,000 50 48 

50 | 5 55 2,000 50 18 
100 | 5 10 5,000 50 18 
200 5 26 0 100 51 
500 5 17 1,000 100 39 

1000 | 5 14 2,000 100 32 

0 | 10 50 5,000 100 22 

100 10 46 10,000 100 %6 
200 10 38 


* A measure of culture turbidity; distilled water reads 0; an opaque object 100. 


y per 5 ml. Even the effects of high concentrations of glutamic acid are 
similarly prevented by threonine. Lysine, while not effective alone, spares 
the amount of threonine necessary for growth of the organism in the pres- 


ence of glutamic acid. Homoserine is only one-twentieth as active as 


threonine in preventing the toxicity of glutamic acid. 

In a survey of other compounds which affected the toxicity of glutamic 
acid, sodium pyruvate, oxalacetic acid, and sodium bicarbonate were found 
to reverse the inhibition, and, though not as active as threonine, these 
compounds exert a similar type of reversing effect in that the effect of these 
substances is the same at all concentrations of glutamic acid, as indicated 
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acid in Table III. a-Ketoglutaric acid exerts a similar type of effect, but is less 
effective than sodium pyruvate. 
ITeS- 
Il. TaBLeE II 
tely Effects of Threonine and Lysine on Toxicity of Glutamic Acid 
1000 Test organism, L. dextranicum 8086; incubated 24 hours at 30°. 
Galvanometer readings 
pt-Glutamic acid pi-Threonine Supplements 
| None | pt-Lysine, 200 y per 5 ml. 
os —| —_} —— -- —_____ 
yal > per 5 mil. y per 5 ml. 
200 0 20 27 
200 0.5 16 42 
200 1 25 64 
200 2 48 65 
200 5 63 67 
200 10 64 70 
500 0 26 28 
500 0.5 26 26 
500 | 1 27 56 
500 2 47 65 
500 5 58 70 
500 10 67 7 
1000 0 8 16 
1000 0.5 11 27 
1000 | 1 31 35 
1000 | 2 44 66 
1000 5 63 70 
1000 10 67 71 
2000 0 10 21 
2060 0.5 16 27 
2000 l 23 59 
2000 2 44 58 
2000 5 66 7 
2000 10 } 69 72 
are 5000 0 13 20 
res 5000 0.5 15 25 
— | 5000 1 28 57 
es- | 
‘ 5000 2 49 69 
- 5000 5 63 70 
5000 10 65 7 
nic — - 
nd ; ; ? ) 
i In other experiments, a slight synergism between pyruvate and bicar- 
aa bonate was noted, and succinic acid, malic acid, fumaric acid, and citric 
af acid at high concentrations, 1 to 2 mg. per 5 ml., prevent the toxicity of 


all concentrations of glutamic acid from 200 to 5000 y per 5 ml. 
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a-Ketoisocaproic acid, a-keto-6-methylvaleric acid, a-ketoisovaleric acid, 
pyridoxal, and a-keto-6 ,8-dimethyl-y-hydroxybutyric acid exert no effeet 
on glutamic acid inhibition at concentrations up to 200 y per 5 ml., and 
asparagine has only a slight effect on the inhibition. 


TaBLe II] 
Effects of Bicarbonate, Pyruvate, and Oxalacetate on Glutamic Acid Tozicity 


Test organism, L. dextranicum 8086; incubated 24 hours at 30°. 

















Galvanometer readings 
vi-Glutamic acid ae eee eaie< — 
Sodium Sodium Oxalacetic a-Ketoglutaric 
bicarbonate* pyruvate* | acid* f acid*t 
y per 5 ml. y per 5 ml. 
200 0 7 
200 20 21 18 12 
200 50 41 20 32 | 10 
200 100 58 39 58 17 
200 200 62 59 64 24 
20 | 500 | 57 
500 | 0 7 
500 | 20 «| 8 . | wa 
500 50 47 14 | 29 8 
500 =| ~Ss100 5A 30 | 55 13 
500 200 58 68 65 23 
500 500 58 
1000 0 7 
1000 20 12 22 
1000 50 37 21 10 20 
1000 100 59 61 60 22 
1000 200 67 55 63 28 
1000 «=| =~ (500 65 
2000 0 ‘ 
2000 20 13 16 7 
2000 50 55 19 16 15 
2000 100 64 50 55 25 
2000 200 69 61 67 34 
2000 500 65 
5000 0 9 
5000 20 10 10 13 
5000 50 18 22 35 } 14 
5000 100 64 59 64 | 19 
5000 | 200 61 44 70 | 47 
5000 500 69 


* Added aseptically to autoclaved medium. 
+ Added in two portions, one at the outset of the experiment and one at 16 hours. 
t Separate experiment with pyruvate as control. 
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DISCUSSION 


The requirement of L. dextranicum 8086 for either aspartic acid or thre- 
onine in an amino acid medium results from a competitive inhibition by 
glutamic acid of the utilization of aspartic acid in the biosynthesis of thre- 
onine. When glutamine is employed in the medium in place of glutamic 
acid, neither threonine nor aspartic acid is required for growth of the or- 
ganism. 

That aspartic acid plays a réle in the biosynthesis of threonine is in ac- 
cord with conclusions resulting from a study of the effect of threonine on 
the aspartic acid requirement and on the reversal of cysteic acid inhibition 
of Lactobacillus casei and Lactobacillus arabinosus (1) and from the reported 
similarity of labeled carbons in threonine and in aspartic acid in Torulopsis 
wilis gown on C°H;-C“OOH as a carbon source (2). 

The sparing effect of lysine on the threonine requirement resulting from 
glutamic acid inhibition of the biosynthesis of threonine gives further 
evidence for an interrelationship of threonine and lysine. 

The ability of sodium bicarbonate, sodium pyruvate, and oxalacetic acid 
to prevent the inhibition of glutamic acid in a non-competitive manner sug- 
gests that these reversing agents can be converted into the end-products of 
the inhibited reaction without prior conversion to aspartic acid per se. 
These results do not preclude the possibility that a conjugated form of as- 
partic acid may serve as a common intermediate in the biosynthesis from 
either aspartic acid or oxalacetic acid or its known precursors. a-Keto- 
glutaric acid and similarly pyruvic acid could cause the biosynthesis of 
oxalacetic acid in two ways: either by oxidative decarboxylation followed 
by subsequent reactions of the citric acid cycle and by carboxylation, re- 
spectively, or by transamination with aspartic acid. However, other keto 
acids and pyridoxal were ineffective in the same range of concentrations, 
and the reversals by a-ketoglutaric acid and pyruvic acid were obtained in 
the absence of exogenous aspartic acid. Concentrations of succinate, 
fumarate, and malate which prevented glutamic acid toxicity were rela- 
tively high in comparison with that of oxalacetic acid, but their ability to 
reverse toxicity further indicates the involvement of a 4-carbon fragment 
in the biosynthesis of threonine. The activity of citric acid presumably 
results from a reversal of its biosynthetic process or from the action of a 
desmolase reported (3) to give rise to oxalacetic acid or its precursors. 


SUMMARY 


A requirement of either aspartic acid or threonine for growth of Leuconos- 
loc dextranicum 8086 results from a competitive inhibition of the utilization 
of aspartic acid in the biosynthesis of threonine. Oxalacetic acid and its 
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known precursors prevent the inhibition in a manner which suggests that 
these substances are capable of forming the intermediate involved in the 
biosynthesis of threonine without involving aspartic acid per se but in. 
volving either a conjugate or derivative of aspartic acid. 
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THE INFLUENCE OF VITAMIN By ON CARBOHYDRATE AND 
LIPIDE METABOLISM* 


By CHIUN T. LING? anp BACON F. CHOW 


(From the Department of Biochemistry, School of Hygiene and Public Health, The 
Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, August 12, 1953) 


In previous communications (1, 2) evidence has been presented to show 
that vitamin Bis deficiency causes derangement in carbohydrate and lipide 
metabolism in the animal body, and a marked diminution of glutathione 
concentration in the blood. The present report describes further studies 
on the effect of vitamin By: on carbohydrate and lipide metabolism, and a 
possible relationship between these metabolic changes and the glutathione 
concentrations in the blood and tissues. 


EXPERIMENTAL 


Experimental Animals and Composition of Diets—The vitamin By:-de- 
ficient rats used in this investigation were raised in our laboratory as de- 
scribed before (1). Diets A and B, the composition of which has been 
reported previously, were used in the early part of this work. However, 
observations in this (3) and other laboratories (4) indicate that a high 
carbohydrate and low fat diet accelerates the development of vitamin Bs 
deficiency; hence, in the later experiments, one such ration, Diet HCLF-7, 
was used. This diet consists of 70 per cent of a commercial soy bean prod- 
uct,! 26 per cent sucrose, 4 per cent Salts IV (5), and vitamin supplements 
(6), and, by analysis, it contains approximately 25 per cent soy protein, 1 
per cent fat, and 68 per cent carbohydrate. 

Determination of Reducing Sugars in Blood and Urine—Reducing sugar 
in samples of whole blood or filtered urine was determined by Somogyi’s 
method (7). Both iodometric titration and Nelson’s photometric analysis 
(8) were used according to the estimated amounts of sugar in the samples. 

Isolation and Estimation of Phospholipides—Total lipides from body 
tissues were isolated and estimated as described previously (1). The ex- 

* The authors wish to acknowledge with thanks the grant-in-aid from the National 
Vitamin Foundation, Inc., Merck and Company, Inc., Sharp and Dohme, and The 
Upjohn Company. 

t Present address, Department of Biochemistry, Jefferson Medical College, Phila- 
delphia 7, Pennsylvania. 

‘Mead Johnson and Company, laboratory product No. 376, which contains soy 


bean flour, arrowroot starch, Dextri-Maltose, calcium phosphate (dibasic), and 
sodium chloride. 
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traction of lipides from whole blood was carried out according to the method 
of Boyd (9), and the extract was rectified with purified petroleum ether. 
Total phospholipides were isolated by precipitation with acetone and mag. 
nesium chloride as described by the same author. Estimation of phos. 
pholipides in both ether-soluble and ether-insoluble fractions was made 
by phosphorus determination after hydrolysis with 10 N H2SO, and oxi- 
dation with hydrogen peroxide. The phosphate was then estimated by 
the method of Fiske and Subbarow (10) with Elon as the reducing reagent, 

Studies on Possible Relationship between Carbohydrate Metabolism and 
Glutathione Concentration in Blood and Tissues—The results of our earlier 
studies indicate that both derangement in carbohydrate metabolism and 
diminution in blood glutathione content occur in vitamin By» deficiency, 
Since many of the enzymes involved in carbohydrate metabolism are sulf- 
hydryl enzymes, it appears probable that there may be an interrelation- 
ship between the impairment in carbohydrate metabolism and changes in 
concentration of glutathione which occur simultaneously in a deficiency of 
this vitamin. If vitamin By is required for the utilization of carbohydrate 
as well as for the formation of glutathione in the animal body, an increased 
burden of carbohydrate metabolism would accelerate the depletion of 
stores of this vitamin in the tissues, and this might be reflected by changes 
in the blood sugar level and glutathione content. To test this hypothesis, 
six normal male rats, approximately 2.5 months old and with an average 
weight of 202 (197 to 207) gm., were placed on a soy bean diet (HCLF-7) 
and given additional glucose by injection. The dosage of glucose and 
frequency of injection were so adjusted that the food intake of the experi- 
mental animals was not appreciably decreased. Alternating intraperi- 
toneal and subcutaneous injections of 5 to 10 ml. of a 25 per cent sterile 
glucose solution to each rat fulfilled this purpose. The level of blood 
. glutathione was determined as described elsewhere (2). The results of 
these studies are presented in Figs. 2 and 3. 


Results 


Blood Sugar Levels and Glucose Tolerance Curves—In the preliminary 
experiments it was observed that the blood sugar levels of growing young 
rats after a short period of fasting (12 to 24 hours) were lower in the vitamin 
By-deficient group than in the vitamin By-treated controls. But when 
the fasting period was extended to 48 hours, several of the deficient rats 
had abnormally high blood sugars (170 to 498 mg. per cent), showing a 
tendency toward “hunger diabetes,’ whereas none of the vitamin By 


treated controls had such an abnormality. The urinary excretion of re- 
ducing sugar during a fasting period declined much more rapidly among 
the vitamin B,:-deficient rats than among the normal animals. One possi- 
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thod ble explanation for the above findings is that the vitamin By2-deficient 
ther. | animals have less carbohydrate reserve in their body. In Fig. 1 are shown 
mag- | the glucose tolerance curves of vitamin By»-deficient rats and controls 
hos | seeeiving the vitamin. After fasting overnight, the rats received glucose 
made 
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esis Fic. 1. Glucose tolerance curve of vitamin Bi2-deficient and vitamin B,2-injected 

a rats. The dash line represents the average value of four vitamin By.-deficient rats 
prage ; gees , 
Rr while the solid line represents the average value of three normal rats. 
it -{) 
and TABLE J 
‘peri- P hospholipide Content of Body Tissue s of Rats 
peri- Ke we ae eae 

. | Vitamin B::-deficient Vitamin Bis- deficient, 

vitamin Bi2-treated 
terile (5 rats) am(S rats) 
ood —--- — _—a |——- - - 
ts of Initial body weight (average), gm... .| 36 | 36 
Final body weight (average), gm.... " 60 | 147 
Weight of tissues analyzed,* gm.......... 33.6 76.4 
g y g 
Total phospholipides per rat (average), mg..; 190 + 17 564 + 68 
, Phospholipide per unit tissue weight, %... 0.56 + 0.03 0.74 + 0.09 
inary a <aieotcianes banal ‘ ~ 
oung * Vitamin B,2-deficient weenting rats fed Diet B for a period of 6 weeks before 
amin sacrifice. The sampling of tissues assayed is described in the text. 
when i ie ad on . 
by intravenous injection in a dose of 750 mg. per kilo of body weight. It 
_ rats : 8: I & 
ng will be noted that the average blood sugar level of the deficient rats re- 


B mained unusually high at the end of 60 minutes after injection, while that 
12" 
of the vitamin Bi2-treated rats had returned to normal. 


of re- : 
nong Phospholipide Content of Blood and Tissues in Vitamin By: Deficiency— 
me In Table I are presented data on the phospholipide content of tissues in 


vitamin By-deficient and By:-treated young rats. The fat was isolated 
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from the lean tissues of the carcass and did not include skin, subcutaneous 
adipose layer, or viscera, and, therefore, the values represent chiefly the 
intercellular and intracellular lipides, a major portion of which constitutes 
an integral part of the cellular constituents. Even though these rats were 
litter mates and had approximately the same average initial body weights 
and were raised under the same dietary regimen, the injection of vitamin 
Bi resulted in a 3-fold increase of the total phospholipides in the lean 
tissues of the carcass as well as in a higher phospholipide content per unit 
weight of tissues. 


TaBLeE II 
Phospholipide Content of Blood in Pernicious Anemia 





Date, 1951 Vitamin Biz, orally | Hematocrit Total phospholipides 


F. G., male; age 56 yrs. 














mg. per cent mg. per 100 ml. blood 
Sept. 1 17 57 

“ 1 3.0 

“« 8 24 138 

“ 17 | 33 253 

H. J., male; age 63 yrs. 
a RRNN Mme: 

Aug. 29 34 | 185 

« 99 3.0 | | 
Sept. 5 | 37 | 189 

“ 47 | 38 236 

“94 37 245 





Pernicious anemia is considered a state of vitamin By deficiency in man, 
and such patients are known to have an abnormally low blood phospho- 
lipide content when in relapse (11, 12). Table II contains the results of 
the determination of the blood phospholipide levels of two patients with 
pernicious anemia before and after vitamin Bi: therapy. Both patients 
had significantly low blood phospholipide before treatment, in proportion 
to the severity of the anemia, but the levels rapidly returned to normal 
after treatment with the vitamin. 

Effect of High Carbohydrate Intake on Blood Sugar and Glutathione Levels 
and Influence of Glutathione or Vitamin By. Administration on Hypergly- 
cemia—When a group of six normal, young, male adult rats was fed Diet 
HCLF-7 and given injections of a 25 per cent glucose solution at the inter- 
vals indicated in Fig. 2, hyperglycemia and a concomitant decrease of 
glutathione content of the blood resulted. The average fasting blood sugar 
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level was elevated from its initial value of 106 mg. per cent to 152 mg. per 
cent 10 days after the start of glucose administration and reached 249 mg. 
per cent on the 24th day, i.e. 2 days after the termination of glucose injec- 
tion. The fasting blood sugar level remained at 154 mg. per cent 11 days 
after the last parenteral dose of glucose. The average blood glutathione 
was 410 um per 100 ml. of blood cells at the beginning, but the value de- 
creased to 328 um 6 days after the cessation of glucose injection, a 20 per 
cent reduction from its initial level, with a P value of less than 0.02. 

To study the effect of glutathione on the blood sugar levels of these 
hyperglycemic rats, 25 mg. of reduced glutathione were given to each rat 
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Fic. 2. Effects of diet and glucose injection on the levels of blood sugar and blood 
glutathione. The values represent the average of six male rats. See the text. 


by subcutaneous injection, and the blood sugar levels were followed for 3 
hours. Administration of glutathione produced a transient, but significant, 
drop in the blood sugar in these animals, from an average of 134 to 112 mg. 
per cent in 3 hours. Blood sugar levels of these rats measured at the same 
hours (2 and 5 p.m.) on the following day showed that it had risen from 143 
to 153 mg. per cent without injection of glutathione. 

The effect of vitamin By. on induced hyperglycemia was next studied 
with the same group of rats. The results are illustrated in Fig. 3. A few 
days after the termination of the above experiment, injection of glucose 
was resumed while the animals were maintained on the same diet. This 
treatment again resulted in a rise in blood sugar levels from an average of 
117 to 181 mg. per cent in 9 days. At this point, the animals were divided 
randomly into two groups of approximately the same average blood sugar 
levels. To one group was given vitamin By, (1.0 y per rat per day) by 
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subcutaneous injection, while the glucose injection to both groups of ani. 
mals was continued. 1 week after the administration of vitamin By, was 
begun, the treated group gained an average of 12 gm. in body weight, and 
the blood sugar levels decreased to an average of 174 mg. per cent, while 
the untreated group lost an average of 2 gm. in body weight and had ap 
average blood sugar of 198 mg. per cent. Attempts were made to produce 
an even greater difference in blood sugar levels between the two groups of 
rats by increasing the frequency of glucose injection (daily instead of every 
other day) to both groups while the injection of vitamin Bj, to one group 
was maintained on the same daily dosage. With the increased dose of 
glucose, both groups of rats lost weight, the loss averaging 5 gm. for the 
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Fig. 3. Effect of vitamin Biz on induced hyperglycemia. Changes in body weight 
are described in the text. 





vitamin B,:-treated group and 14 gm. for the untreated group during the 
‘ensuing 8 day period, but the average blood sugar for the vitamin By, 
treated group remained at 209 mg. per cent, while that of the latter group 
had risen to 367 mg. per cent. The blood sugar determination was re- 
peated 4 days later, and a difference of the same order of magnitude was 
observed. 


DISCUSSION 


In this communication are presented data which provide two additional 
points of evidence demonstrating the importance of vitamin By in carbo- 
hydrate and lipide metabolism. In the first place, the abnormally high 
blood sugar levels of vitamin B,2-deficient rats in the glucose tolerance test 
(Fig. 1) indicate that they suffer from derangement in their capacity to 
utilize carbohydrate. As a result the deficient animals have a smaller 
carbohydrate reserve and consequently are more sensitive to fasting. This 
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isfurther evident from the fact that they had consistently lower blood sugar 
levels after a short period of fasting, but developed “hunger diabetes” 
sooner than the control animals. The “hunger diabetes” is considered as 
a sign of alarm reaction due to increased gluconeogenesis from tissue pro- 
tein. The sharp drop in the urinary excretion of reducing sugar by the 
deficient rats during fasting may be taken as another sign of a poor carbo- 
hydrate reserve. 

In the second place, data presented in Tables I and II demonstrate that 
vitamin Bye deficiency entails disturbance in lipide metabolism, which can 
be corrected by administration of the vitamin. It is well known that a 
major part of the carbohydrates utilized is converted into lipides and, 
according to Stetten and Boxer (13, 14), this conversion would amount to 
approximately 30 per cent of the available body glucose in normal rats 
placed on a high carbohydrate diet. The rapidity with which our vitamin 
Bi-deficient rats lost body weight and developed hyperglycemia under the 
influence on a high carbohydrate-low fat diet, and the reported increased 
requirement of vitamin By2-deficient rats for this vitamin when raised on 
such a diet (3, 4), further suggest that the deficient animals have lost part 
of their ability to transform carbohydrate into lipides. In harmony with 
this hypothesis is the fact that abnormally small amounts of phospholipides 
were found in the tissues of vitamin Bye-deficient rats and in the blood of 
patients with pernicious anemia in relapse. Administration of this vitamin 
to the above resulted in marked increases in phospholipide content of blood 
and tissues. Muller (11) and Kirk (12) have observed that in pernicious 
anemia in relapse the blood phospholipide and cholesterol were abnormally 
low, and that both of these substances increased after an effective liver 
therapy, owing presumably to the action of vitamin Bie. 

In the latter part of this investigation, a possible relationship between 
blood glutathione concentration and carbohydrate utilization was brought 
to light. It was found that the blood glutathione levels in normal rats 
could be lowered by feeding a high carbohydrate-low fat diet coupled with 
glucose injection for a relatively short period of time (Fig. 2), with a con- 
comitant rise in blood sugar levels which persisted long after the cessation 
of glucose injection. Since vitamin By, deficiency likewise causes the 
lowering of blood glutathione, these results are suggestive that a high 
carbohydrate intake brought about a rather rapid depletion of vitamin Bi» 
stores in the animal body, owing to increased requirement for the vitamin 
in carbohydrate metabolism. Furthermore, injection of glutathione re- 
sulted in a transient, but significant, drop in blood sugar levels of these rats 
within 2 to 3 hours, indicating the existence of a close relationship between 
blood glutathione concentration and carbohydrate utilization. However, 
considering the extremely rapid turnover of glutathione in the animal body, 
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as shown by the studies of Waelsch and Rittenberg (15, 16), one would not 
expect that the derangement in carbohydrate metabolism in vitamin B, 
deficiency can be fully corrected by the injection of glutathione, owing to 
the impossibility of maintaining an adequate supply from temporary exo. 
genous sources. Therefore, an adequate supply of the peptide to meet the 
physiological requirement can be maintained only when the glutathione 
synthesis in the animal body is restored to normalcy by the administration 
of vitamin By. In such a situation, it would be expected that hypergly. 
cemia would be corrected also owing to the increase in glutathione syn. 
thesis. This belief is substantiated by our data, presented in Fig. 3, which 
demonstrate that injection of vitamin By to these deficient animals ef. 
fectively prevented the hyperglycemia and loss of body weight induced 
by such a diet and glucose injection. 

Although the mechanism by which vitamin By, aids in the utilization of 
carbohydrate is still unknown, experimental evidence from these studies 
indicates that the maintenance of an adequate concentration of glutathione 
in the blood and tissues may be at least one of several important factors in 
the functioning of this vitamin. There are several plausible explanations 
of the mechanism of action by which glutathione could improve the utiliza- 
tion of carbohydrates, such as the activation of sulfhydryl enzymes and 
the protection of the 8-cells in the pancreas (17-19) from the deleterious 
effect of certain metabolic products, alloxan and dehydroascorbic acid for 
instance. Although these substances are usually found only in minute 
quantities in the animal body, their concentration can increase to a con- 
siderable extent under certain conditions (20, 21). For example, Banerjee 
et al. (22) found that dehydroascorbic acid was present in considerable 
amounts in scorbutic guinea pig tissues and that the glutathione content 
was markedly diminished in these tissues, and particularly so in the pan- 
creas. However, the rapidity with which glutathione acts to lower the 
blood sugar after its injection suggests that this substance may be directly 
involved in the utilization of carbohydrate. This supposition is substan- 
tiated by the observations of Cavallini (23) on the réle of glutathione in 
the coupled oxidative decarboxylation of pyruvate and of Racker (24) on 
the mechanism of glyoxalase function and by the discovery of Krimsky and 
Racker (25, 26) that glutathione is the prosthetic group of 3-phospho- 
glyceraldehyde dehydrogenase. 

Yacowitz et al. (27) reported that vitamin Biz exerted pantothenic acid- 
sparing action for the growth of chicks, and that this vitamin seems to 
increase the conversion of pantothenic acid to coenzyme A in the liver. 
This finding further establishes a relationship between vitamin By, and 
another soluble sulfhydryl compound, coenzyme A. Since coenzyme A is 
an important participant in the formation of fatty acids, phospholipides, 
cholesterol, and acetylcholine, it furnishes additional evidence that vita- 
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dnot | min By: also plays an essential réle in lipogenesis and the metabolism of 
n By | choline. 
ng to SUMMARY 
a The effect of vitamin By. on carbohydrate and lipide metabolism was 
thes studied by measurement of blood sugar levels, by glucose tolerance tests, 
— and by estimation of the phospholipide content of blood and tissues. Its 
— , possible relationship to the changes in blood glutathione content was also 
pe investigated. - 
hi b Experimental results indicate that vitamin By: deficiency entails a de- 
: : rangement in carbohydrate utilization and decreases the phospholipide 
* é content of blood and tissues. 

_ Administration of glutathione or vitamin B,, lowered the blood sugar 

' levels of rats with hyperglycemia induced by a high carbohydrate-low fat 
ia diet and by glucose injections. 

“s It is concluded that vitamin By: plays an important rdéle in carbohydrate 
— and lipide metabolism and that the effect of this vitamin on blood gluta- 
Pr thione concentration may be of significance in its réle in metabolism. 
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MICRO FLAME PHOTOMETRIC DETERMINATION OF 
SODIUM, POTASSIUM, AND CALCIUM IN SERUM 
WITH ORGANIC SOLVENTS* 


By GEORGE R. KINGSLEY anp ROSCOE R. SCHAFFERT 


(From the Department of Physiological Chemistry, School of Medicine, University of 
California at Los Angeles, and the Clinical Biochemistry Laboratory, Veterans 
Administration Center, Los Angeles, California) 


(Received for publication, June 30, 1953) 


The effect of organic solvents on the flame photometric emission of cer- 
tain elements in petroleum products has been reported (1). Propanol, 
butanol, and acetone have been used in the flame photometric determina- 
tion of sodium and potassium in serum, but these organic solvents were not 
used routinely, ‘‘as it was feared that complications might arise in prac- 
tice owing to their volatility and to the restricted solubility of NaCl and 
KCl in some solvents” (2). Apparently no extensive investigation has 
been made of the effect of organic solvents on the emission spectra of the 
cations of blood serum. 

We have investigated the use of organic solvents to extend the sensitivity 
of the flame photometer in the direct determination of sodium, potassium, 
and calcium, and to make practical the analyses of extremely small bio- 
logical specimens. Our investigation of the effect of organic solvents on 
the emission spectra of sodium and potassium (3) indicated that, of the 
solvents studied, acetone produced the greatest enhancement of emission 
spectra. Less enhancement was produced by methanol, ethanol, propanol, 
and isopropanol in the order named. Acetone increased the spectral emis- 
sion of sodium 17-fold in relative per cent transmittance and potassium 
13-fold as compared with the aqueous solvent. This investigation also 
indicated that bovine albumin’ had no effect on sodium and potassium 
spectra. Further study of organic solvents has been made to test their 
enhancement effect on the emission spectra of sodium, potassium, and 
especially of calcium. 

The use of an aqueous solvent for the direct microphotometric deter- 
mination of sodium, potassium, and calcium in a single biological specimen 
has been reported (4). 

Method 

Reagents- 

Mixed stock standard. 150 m.eq. of sodium, 5.0 m.eq. of potassium, 

*A portion of this paper was read before the Division of Biological Chemistry 


of the American Chemical Society, March 16, 1953, at Los Angeles. 
‘Armour bovine albumin powder, Fraction V. 
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5.0 m.eq. of calcium, and 2.5 m.eq. of magnesium. Dissolve 0.2496 gm, 
of pure Iceland spar in a 1 liter volumetric flask containing 10 ml. of con. 
centrated hydrochloric acid and 500 ml. of distilled water. Add and dis. 
solve in the Iceland spar solution 8.7690 gm. of sodium chloride ¢.p, 
0.3728 gm. of potassium chloride c.p., and 0.1485 gm. of magnesium syl- 
fate c.p. Dilute to volume with distilled water. 

0.2 per cent Steroxz? solution. Dissolve 2.0 ml. of Sterox in | liter of dis. 
tilled water. 

Acetone c.p. 

Glacial acetic acid c.p. 

Acetone-water-acetic acid solvent. Mix together 675 ml. of acetone ep, 
225 ml. of glacial acetic acid, and 100 ml. of 0.2 per cent Sterox. 

Flame Spectrophotometer—A Beckman model DU spectrophotometer 
with a No. 9200 flame attachment and No. 9230 acetylene-oxygen burner 
was used for obtaining all the data reported in this paper, except for part 
of Table I (model B with the same attachments). 


Procedure 


Preparation of Sample—Add 0.02 ml. of serum with a Sahli pipette 
(calibrated to contain) to 10 ml. of acetone-water-acetic acid solvent in an 
acid-washed 16 X 150 mm. glass-stoppered tube. Carefully wipe off the 
serum on the outside of the pipette tip before adding it to the solvent. 
Wash out the pipette three times with the solvent. Prepare a standard 
in the same manner by adding 0.02 ml. of mixed stock standard to 10 ml. 
of acetone-water-acetic acid solvent. 

Determination of Sodium—Use a Beckman photomultiplier attachment 
No. 4300. Set the wave-length knob at 590 my and the slit width at 0.01 
mm. The serum sample is read against the standard set at 75 per cent 
’ transmission. 

Calculation—Milliequivalents of sodium = 4 X per cent T — 150. 

Determination of Potassitum—Place the red phototube in position. Set 
the wave-length knob at 770 my and the slit width at 0.5 mm. or less. The 
serum sample is read against the standard set at 50 per cent transmission. 

Calculation—Milliequivalents of potassium = per cent 7/10. 

Determination of Caleitum—Use a Beckman photomultiplier attachment 
No. 4300. Set the wave-length knob at 422.7 my and use a slit width of 
0.1 mm. or less. The serum sample is read against the standard set at 50 
per cent transmission. 

Calculation—Milliequivalents of calcium = per cent 7/10. 


2 Sterox, SE, a non-ionic wetting agent, cation-free, Monsanto Chemical Com- 
pany, St. Louis, Missouri. 
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EXPERIMENTAL 


A solvent of 85 per cent acetone-15 per cent water increased the emission 
spectra of caleium 15-fold at 422.7 my light transmission. Other solvents 
were effective to a lesser degree. The same relative effect of these sol- 
vents was also observed at 625 my light transmission but slit widths had 
to be increased from 0.01 mm. to 0.2 mm. to obtain approximately the same 
transmission intensity (Fig. 1). Increasing concentrations of acetone as a 
solvent for 0.1 m.eq. of calcium in 0.14 per cent bovine albumin indicated 
a loss of calcium with the precipitation of albumin above 60 to 70 per cent 
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Fic. 1. Flame spectra of 0.5 m.eq. of calcium in different solvents at 625.0 my 
light transmission. Beckman model DU spectrophotometer with red phototube; 
slit width 0.20 mm., oxygen pressure 10 pounds, acetylene pressure 8 pounds. 


acetone. The same effect was observed with human serum. We previously 
(3) reported similar losses of sodium and potassium with serum protein pre- 
cipitation in solvents containing 50 per cent or more acetone. Of several 
acids studied for their effect on the solubility of serum calcium in acetone, 
acetic acid was the most satisfactory. The greatest per cent transmittance 
was obtained with 75 per cent acetone in glacial acetic acid (Fig. 2). How- 
ever, a slight loss of calcium with some precipitation of protein was ob- 
served. The addition of small amounts of water to this solvent mixture 
completely prevented the precipitation of serum calcium, but the solution 
remained slightly turbid. The maximal per cent transmission with this 
solvent mixture was obtained with 67.5 per cent acetone, 10 per cent 
water, and 22.5 per cent acetic acid (Fig. 3). It was discovered that rapid 
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adsorption of calcium on the glass surface of the container occurred when 
calcium standards were made up with the organic solvent. However, 
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Fig. 2. Effect of acetone-glacial acetic acid on the flame spectra of calcium (5 
m.eq.) in 1:50 dilution of serum. 422.7 my light transmission. 
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Fra. 3. Effect of the addition of water to a mixture of 75 per cent acetone and 25 
per cent glacial acetic acid by volume on the flame emission spectra of calcium (5 
m.eq.) in serum (1:50 dilution). 422.7 my light transmission. 


this was entirely prevented by the presence of 0.02 per cent Sterox in the 
organic solvent. This ratio of water and acetic acid was applied to other 
solvents (Fig. 4) and, of the solvents studied, acetone produced the greatest 
increase in the emission spectra of calcium. Both pure standards and 
serum containing 5 m.eq. of calcium gave identical emission spectra curves, 
indicating little or no effect of the presence of serum proteins. 














Del 


acid | 
ment 
to l 

phot« 
multi 
mode 
35 pe 


soli 
was 





vhen 
ver, 


im (5 


id 25 
m (5 


the 
ther 
test 
and 
ves, 








G. R. KINGSLEY AND R. R. SCHAFFERT 811 


Determination of Limits of Serum Dilution—The solvent mixture com- 
posed of 67.5 per cent acetone, 10 per cent water, and 22.5 per cent acetic 
acid increased the permissible limits of dilution of serum for the measure- 
ment of sodium from 1 to 5000 in aqueous solution (0.02 per cent Sterox) 
to 1 to 200,000 with the Beckman model DU spectrophotometer (blue 
phototube, 590 my), and from 1 to 15,000 to 1 to 80,000 with the photo- 
multiplier tube (590 my) (Table I). Limits of dilution with the Beckman 
model B spectrophotometer were increased from 1 to 100 to 1 to 600. 
35 per cent acetone (in which serum proteins are not precipitated) increased 

70- |. Acetone 


2. 50% Acetone - 50% Dioxane 
60- 3. Methyl Alcohol 











4. Dioxane 2. 
_ 5. Ethyl Alcohol 
toe Methyl Cellosolve 3. 
g 4. 
= 40- 6. 
€ 
” 
5 30- 6. 
= 
x 90- 
10- 


1 ' 1 I ' i \ t { \ 
10 20 30 40 S50 60 70 80 90 100 
% Of Solvent Mixture 

Fia. 4. Effect of organic solvents on emission spectra of calcium in serum and 
standards (1:50 dilution). Solvent, 67.5 per cent of organic solvent, 22.5 per cent 
glacial acetic acid, 10 per cent water, and 0.02 per cent Sterox; diluent, 0.02 per 
cent Sterox in water. Beckman model DU spectrophotometer with photomulti- 
plier attachment No. 4300; slit width 0.01 mm.; 422.7 my light transmission. 


the dilution limits from 1 to 5000 to 1 to 100,000 for the model DU spec- 
trophotometer. No interference was in evidence when serum sodium 
measurements with the Beckman DU spectrophotometer were made with 
slit widths of 1.0 mm. or less with the blue phototube and 0.05 mm. or 
less with the photomultiplier tube. All the measurements were made 
against equal dilutions of a mixed standard (set at 75 per cent T and 590 
my light transmission) which contained 150 m.eq. of Na, 5 m.eq. of K, 
5 m.eq. of Ca, and 2.5 m.eq. of Mg before dilution. This organic solvent 
mixture also increased the permissible dilution of serum for the Beckman 
DU flame photometric measurement of potassium from 1 to 400 for aqueous 
solutions to 1 to 2000 for the organic solutions (Table I). No interference 
was noted if slit widths of the model DU spectrophotometer were 0.5 mm. 
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or less when read against a mixed standard, as described for sodium set 
at 50 per cent 7 and 770 my light transmission. The acetone-water. 
acetic acid solvent mixture increased serum dilutions permissible for ae- 
curate measurement of calcium from 1 to 5 in aqueous solution to 1 to 50 
in organic solvent solution with the blue phototube and with the photo- 
multiplier tube from 1 to 200 to 1 to 1700 (Table 1). No interference of 
the calcium spectrum was noted when measurements with the Beckman 
DU spectrophotometer were made against mixed standards (as described 


TABLE I[ 
Limits of Sensitivity of Flame Photometers* with Water and Organic Solvents 
in Measurement of Na (590 mp), K (770 mp), and 
Ca (422.7 mz) Spectra 





Minimal slit width (mm.) Serum dilution limit 
Solvents Model DU Model B Model DU Model B 
Bt! Rt | Pt | BR. B. R. P. B. | RB. 
Water (0.02%! Na 1.0 | 0.05 | 1.5 5,000 15,000 | 100 
Sterox) K 0.5 1.5 400 10 
Ca | 0.1 0.1 5 200 
35% acetone Na | 1.0 0.05 | 1.5 100, 000 50,000 | 250 
K 0.5 1.2 1000 | 10 
Ca | 0.1 0.1 20 500 
Acetone-H,O- Na | 1.0 0.05 | 1.5 200, 000 80,000 | 600 | 
acetic acid K 0.5 1.1 2000 | 20 


Ca | 0.1 0.1 50 1,700 


* Beckman models DU and B. 
B. = blue phototube, R. = red phototube, and P. = photomultiplier. 
I p 


above) of equal dilution set at 50 per cent 7’ with slit widths of 0.1 mm. 
or less and 422.7 my light transmission. 

Recovery Experiments—-Reproducible measurement and recovery of so- 
dium, potassium, and calcium were obtained with various normal and 
abnormal ratios of Na, K, Ca, and Mg which could occur in a patient, ex- 
cept for the interference of sodium with potassium levels of 3 m.eq. or less. 
Good recoveries of magnesium were not obtained. 

Excellent recoveries of small amounts of calcium added to 0.2 ml. of 
pooled serum were obtained (Table IT). 0.2 ml. of serum was diluted to 
10 ml. with the solvent mixture of acetone-water-acetic acid containing 
the desired amount of calcium to be added to the serum. All recoveries 
were made by reading against a mixed standard of equal dilution set at 
50 per cent 7 with 422.7 my light transmission. Further proof of the ac- 
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curacy of the direct serum-calcium method utilizing the organic solvent for 
the estimation of small amounts of calcium is shown in Table III. The 
amount of calcium present was determined by directly dissolving 0.2 ml. 


TaBLe II 
Recovery of Calcium Added to 0.2 M1. of Pooled Serum in 10 ML. of 
Acetone-Water-Acetic Acid Solvent 


Added* Total recovered 

meg. mg. per cent 
0.020 0.208 100.0 
0.040 0.228 100.0 
0.060 0.248 100.0 
0.080 0.270 100.8 
0.100 0.288 100.0 
0.120 0.308 100.0 
0.140 0.320 97.5 
0.160 0.349 100.0 
0.180 0.368 100.0 
0.200 0.390 100.5 


*0.188 mg. was present in pooled serum. 
TaBLeE III 


Comparison of Ammonium Oxalate Precipitation and Direct Serum Calcium Methods 
with Acetone-Water-Acetic Acid Solvent 


Sample No. 0.2 ml. of serum* Ca ppt. from 0.2 ml. of serum* 
m.eq. m.eq. 
1 0.080 0.079 
2 0.105 0.104 
3 0.096 0.096 
4 0.090 0.093 
5 | 0.104 | 0.103 
6 0.110 0.110 


* Dissolved in 10 ml. of solvent. No calcium was found in 0.2 ml. of oxalate- 
treated serum. 


of serum in 10 ml. of the solvent. The amount of blank remaining in 
another sample of the serum after calcium precipitation was determined 
by dissolving 0.2 ml. of serum, from which the calcium had been removed 
with ammonium oxalate, in 10 ml. of the solvent. The amount of calcium 
precipitated from 0.2 ml. of the serum with ammonium oxalate was deter- 
mined by dissolving the precipitate in 10 ml. of the solvent. These three 
preparations were read against a mixed standard containing 0.1 m.eq. 
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of Ca, 3 m.eq. of Na, 0.1 m.eq. of K, and 0.05 m.eq. of Mg. Excellent 
agreement was found between calcium determined directly on serum and 
that found by oxalate precipitation. As no measurable calcium was found 
in the serum from which the calcium had been precipitated, it is apparent 
that protein and the other cations of serum do not interfere in the direct 
determination of calcium in serum under the conditions described. 


TaBLe IV 


Relative Effect of Various Solvents on Emission Spectra of Na, K, and Ca 
When Corrected for Rate of Flow Time through Burner (2 M1.) 




















| Sodium Potassium Calcium 

—_ | Flow — PS lesbian 

Solvent | time | Tt cor- rT Tt cor- r | Tt cor. 
| | rected rected | rected 

sec. | per cent! per cent | per cent ~ cont per cent wee 

SE ee s | 91 | 91] 9 95 | 9 | 95 

a re | 70 | 33 | 29 30 26 15 | 14 

| 


77 | 33 | 31 30 | 2 | 15 | w 
| 


| a ee | 134 | 57 | 96 | 54 | 90 | 72 | 192 
a ...| 99 | 70 87 | 69 8 | 68 | 84 
PE vnctcaxcakckearihs | 141 | 56 | 99 | 55 97 | 63 | 110 
at icrhd eéeigaencrcd | 170 | 46 | 98 | 42 89 | 55 | 117 
errr | 180 46 | 103 42 95 55 121 
oS ee 33 107 25 82 38 123 
Methyl Cellosolve.............. | 170 39 ° 83 29 62 47 | 102 
MME ose sas dso Miprasinnie-os | 590 10 74 10 74 5 37 
re dV eK clon sd Hebe 150 36 68 30 56 47 89 





Diethyl ethert................. 340 | 43 | 183 | 40 | 170 | 58 | 128 











* 70 per cent in water. 

{ Corrected per cent T = per cent T of solvent X (flow time of solvent/flow 
time of acetone). 

¢ In 0.5 per cent Sterox. 


Nature of Enhancement Effect of Organic Solvents on Emission 
Spectra of Cations 


The authors are not certain as to the conditions responsible for the 
enhancement effect of organic solvents on the emission spectra of sodium, 
potassium, and calcium. It has been observed that a water solvent de- 
creases the temperature of the areas adjacent to the sides and top of the 
flame and that acetone markedly increases the temperature of these areas. 
It is not known whether this temperature increase results from an increase 
in maximal temperature of the flame or a spreading effect of the solvent 
on the flame. If the feeding time of the organic solvents is corrected to 
that of the fastest feeding organic solvent (acetone), most of the organic 
solvents such as acetone, dioxane, methanol, ethanol, propanol, isopro- 
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panol, and tributanol are relatively equal in their enhancement effect on 
the emission spectra of sodium, potassium, and calcium (Table IV). How- 
ever, it will be noted that the corrected per cent transmission of the emis- 
sion spectra of sodium and potassium for diethyl ether is much higher than 
that of the other solvents. 

Organic solvents have been found to give about the same relative en- 
hancement of the emission spectra of cations when used with other types 
of burners and fuels. This has been observed with air and illuminating 
gas with both the Beckman model DU spectrophotometer with the No. 
10300 flame attachment and the Weichselbaum-Varney universal spectro- 
photometer. Air and acetylene, oxygen and illuminating gas, and air and 
illuminating gas cannot be burned satisfactorily together with the Beckman 
No. 9200 flame attachment and No. 9230 acetylene oxygen burner. Pro- 
pane cannot be substituted for acetylene with this burner. The effect of 
organic solvents, when used with other flame spectrophotometers, has not 
been studied. 

The addition of ammonium hydroxide, hydrochloric acid, and hydrogen 
peroxide to the organic solvents had no effect on the emission spectra of 
the cations studied. 

The application of the microtechniques presented in this report for the 
determination of sodium, potassium, and calcium in 25 to 50 y tissue speci- 
mens, obtained with a biopsy needle, is under investigation in our labora- 
tory. 


SUMMARY 


Evidence has been presented for the advantageous use of an organic 
solvent mixture for the direct, accurate microdetermination of sodium, 
potassium, and calcium of sera and urine by flame photometer in specimens 
as small as 0.000005 ml., 0.0005 ml., and 0.0006 ml. respectively as deter- 
mined by dilution. 
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SYNTHESIS AND BIOCHEMICAL INVESTIGATION OF 
THYMINE-6-CARBOXYLIC ACID-2-C"* 


By WILLIAM L. HOLMES{{ anno WILLIAM H. PRUSOFFt 


(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, May 25, 1953) 


The utilization of orotic acid (uracil-6-carboxylic acid) for nucleic acid 
synthesis by bacterial and mammalian species suggested an investigation 
of the analogous methylated compound, thymine-6-carboxylic acid, as a 
possible precursor of desoxypentose nucleic acid (DNA). Accordingly, 
this compound was synthesized with C" in position 2. 

2-Thio-6-diethoxymethyl-5-methyl-4-oxypyrimidine was synthesized by 
the method of Johnson and Cretcher (1), the 2-thio group was converted 
into a 2-oxy group, and the acetal was hydrolyzed to the aldehyde by the 
methods of Heidelberger and Hurlbert (2). Chromic acid oxidation of the 
aldehyde to the carboxylic acid derivative, as described by the latter work- 
ers, gave low yields when applied to the synthesis of thymine-6-carboxylic 
acid. Of other oxidants which were investigated (acid and alkaline per- 
manganate, nitric acid, and acid and alkaline hydrogen peroxide), acid 
peroxide was found to produce the best yields. The over-all yield of thy- 
mine-6-carboxylic acid-2-C"“ from barium carbonate-C™ varied from 30 to 
38 per cent. 

While this work was in progress, Brown ef al. (3) reported that N1- 
labeled thymine-6-carboxylic acid was incorporated to the extent of less 
than 1 per cent into the DNA of regenerating rat liver. In the present 
study, also, no evidence was obtained for the utilization of the C-labeled 
compound for the synthesis of DNA. 


EXPERIMENTAL 


Synthesis of Thymine-6-carboxylic Acid-2-C'\—Barium cyanamide-C™ was 
prepared by the method of Zbarsky and Fisher (4), thiourea-C™ from the 
crude barium cyanamide according to Bills and Ronzio (5), and y,y-di- 


* This work was supported in part by a grant from the American Cancer Society 
upon recommendation by the Committee on Growth of the National Research Coun- 
cil. 

t Merck Postdoctoral Fellow in the Natural Sciences of the National Research 
Council of Canada. 

t Present address, Department of Pharmacology, Yale University School of 
Medicine, New Haven, Connecticut. 
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ethoxy-a-methyl ethyl acetoacetate by the procedure of Johnson and Cret. 
cher (1). 

To the crude thiourea obtained from 300 mg. (5 mc.) of BaC™O; (about 
1.4 mo), in a 25 ml. boiling flask, were added 10 ml. of an alcoholic solution 
of sodium ethoxide containing 35 mg. (1.52 mm) of sodium. The flask, 
fitted with a reflux condenser and a calcium chloride tube, was then heated 
on a steam bath until the thiourea had dissolved completely (when the 
crude thiourea obtained from BaCO; is used, a small amount of insoluble 
material is usually present). The y,7-diethoxy-a-methyl ethyl acetoace- 
tate (0.6 gm., 2.4 mm) was added and the solution refluxed for 6 hours: 
after removal of the alcohol by evaporation, a yellow syrupy residue of 
crude 2-thiothymine-2-C"-6-aldehyde acetal was obtained. 

The residue was dissolved in 15 ml. of hot water, heated at 100° for 5 
minutes with 10 mg. of Norit, and filtered. The clear yellow solution was 
evaporated to a volume of 2 ml.; the concentrate, after cooling to about 
5°, was slowly acidified (while stirring) to pH 6.0 by the dropwise addition 
of 3N HCl. At this point a white substance usually precipitated; some- 
times, however, an oil formed which crystallized as the solution was stir- 
red. The reaction mixture was cooled in an ice bath, centrifuged, and the 
supernatant fluid was discarded. The yield of acetal at this stage varied 
from 60 to 75 per cent; m.p. 107-110° (uncorrected). 

The partially purified 2-thiothymine-2-C"-6-aldehyde acetal was sus- 
pended in 1.0 ml. of water and 2 ml. of 30 per cent H.02. The mixture was 
cooled in an ice bath and 1.0 ml. of 4 n NaOH was added slowly. The re- 
action mixture was allowed to come to room temperature during about 30 
minutes; it then was cooled in an ice bath and 0.4 ml. of concentrated sul- 
furic acid was added. The thymine-6-aldehyde acetal which precipitated 
was heated in the same reaction mixture for 25 minutes in a boiling water 

bath; this resulted in the hydrolysis of the acetal and the oxidation of the 

aldehyde to the corresponding acid. After cooling for several hours, the 
thymine-6-carboxylic acid separated as a fine white precipitate. This ma- 
terial, collected by centrifugation, was recrystallized once from dilute HCl 
and once from 95 per cent ethanol, 0.5 N with respect to HCl. The yield 
of thymine-6-carboxylic acid-2-C“ was 90 mg. (0.53 mm). The specific 
activity was 2.0 X 10’ c.p.m. per mg. or 21 uc. per mg. 

The identity of the compound was established as follows: (1) melting 
point 310-311° (uncorrected) with decomposition; mixed melting point, 
with material prepared by the method of Mentzer and Billet (6), 309° 
(uncorrected) with decomposition; (2) acid equivalent, 170 (calculated 
170); (3) analysis! calculated for CsH,O,N2, C 42.35, H 3.53, N 16.47; 


1 The elementary analysis was performed by Dr. E. W. D. Huffman, Denver, 
Colorado. 
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found, C 42.47, H 3.65, N 16.58 per cent; (4) ultraviolet absorption in 0.1 
nx KOH, maximum at 290 to 292 my, minimum at 248 my; with material 
prepared by the method of Mentzer and Billet (6), a maximum at 290 my 
and a minimum at 245 my were obtained under the same conditions; 
(5) radioactive homogeneity was indicated by paper chromatography with 
two solvent systems: n-butanol saturated with 0.1 n HCl (7) (descending, 
Rr = 0.52) and 5 per cent NasHPO,-isoamy! alcohol (8) (ascending, Rr 
= 0.70); the Ry of the radioactive compound was identical with that of 
authentic thymine-6-carboxylic acid in both systems. 

Treatment of Experimental Animals—Female Sprague-Dawley rats, aver- 
aging 150 gm. in weight, were used in these studies. The animals were 
anesthetized with ether and partially hepatectomized; the left lateral and 
both central lobes of the liver were removed. The rats were then housed 
in individual metabolism cages and were maintained on a stock diet of 
Purina chow pellets and water. 

1 hour after the operation each animal was given, by intraperitoneal 
injection, 0.5 mg. of thymine-6-carboxylic acid-2-C™ diluted with an equal 
amount of unlabeled material (final radioactivity, 1.0 X 10’ c.p.m) dis- 
solved in 1 ml. of water and neutralized with NaOH. This dosage was 
repeated at 24 hour intervals until each animal had received a total of 4 
mg. of the carboxylic acid (4.0 X 10’ ¢.p.m.). 24 hours after the last in- 
jection the animals were sacrificed by decapitation. The organs to be in- 
vestigated were removed quickly and frozen on dry ice; they were then 
stored at —30°. 

Isolation of Nucleic Acids from Tissue—The Schmidt and Thannhauser 
procedure (9), as modified by Wyatt (10) and by Balis, Marrian, and Brown 
(11), was used to separate the pentose nucleic acid (PNA) and desoxypen- 
tose nucleic acid from the tissues. 

Samples of the DNA (10 mg.) were dissolved in water and hydrolyzed 
enzymatically to the mononucleotides. A commerical preparation of des- 
oxyribonuclease* and a phosphodiesterase prepared by the method of 
Hurst and Butler (12) from lyophilized viper venom were used for this 
purpose. 

Preparation of Nucleotides and Free Bases for Counting—The mononu- 
cleotides were separated by ion exchange chromatography on Dowex 1, 
by the methods of Cohn (13) and Volkin et al. (14). The effluents contain- 
ing the nucleotides were then concentrated by evaporation on a steam 
bath. The purine nucleotides were hydrolyzed by heating with 1 n HCl 
at 100° for 1 hour. The free purine bases were isolated from the acid hy- 

* A detailed description of the exact procedures used will be supplied on request. 


? Desoxyribonuclease, Worthington Biochemical Laboratory, Freehold, New Jer- 
sey. 
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drolysates and further purified by filter paper chromatography by using 
first the n-butanol-water system of Vischer and Chargaff (7) followed by 
the ¢ert-butanol-hydrochloric acid system of Markham and Smith (15). 

The pyrimidine pentose and desoxypentose nucleotides were chromato- 
graphed on paper with the isopropyl alcohol-hydrochloric acid system of 
Smith and Wyatt (16). After being counted, the pentose nucleotides were 
hydrolyzed with 72 per cent perchloric acid at 100° for 1 hour, and the 
desoxypentose nucleotides with 100 per cent formic acid at 175° for 2 hours, 
The free pyrimidines were then isolated from the hydrolysate by chroma- 
tography on paper with the n-butanol-water system. All compounds in- 
vestigated were eluted from the filter paper with 0.1 Nn HCl. The concen- 
tration and purity of the purines, pyrimidines, and their nucleotides were 
determined on the basis of their ultraviolet absorption spectra. 

Measurement of Radioactivity—For determination of the C™ activity of 
the purines, pyrimidines, and their nucleotides, suitable aliquots of the 
eluents were evaporated to dryness. The residue was taken up in 2 m 
NH,OH and infinitely thin films of the compound in question (200 to 1000 
y) were prepared on 4.5 cm.’ stainless steel cupped planchets. Respira- 
tory CO. was counted as BaCOQ, in the same type of planchet and the ac- 
tivity corrected to zero thickness. The C activity was measured with a 
windowless flow counter.4 A sufficient number of counts was taken to re- 
duce the statistical error of counting to less than 5 per cent. 


RESULTS AND DISCUSSION 


The results of the intraperitoneal administration of thymine-6-carboxylic 
acid-2-C" (Table I) indicate a very small incorporation of this compound 
into the pyrimidine moieties of both PNA and DNA. The amount of in- 
corporation is extremely small, in contrast to the results (17) obtained in 
vivo with orotic acid-3-N" and to those (18) observed with orotic acid-2-C" 
in vitro. 

It was noted that a large percentage of the administered radioactivity 
appeared in the urine. The results of a typical study of the excretion of 
thymine-6-carboxylic acid-2-C™ by the rat are given in Table IT. By using 
the isotope dilution technique (19), it was found that 94 per cent of the C™ 
activity of the urine could be accounted for as unaltered thymine-6-car- 
boxylic acid. 

The method used to synthesize the thymine-6-carboxylic acid would 
seem to preclude the possiblity of the administered compound being slightly 
contaminated with orotic acid. In an attempt to rule out this possibility, 
carrier orotic acid (1 mg.) was added to thymine-6-carboxylic acid-2-C" 
(1 mg., 1 X 10’ ¢.p.m.). The mixture was chromatographed several times 


4 Tracerlab SC-16 windowless flow counter. 
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on paper with two solvent systems which had been shown to give a good 
separation of the two compounds, namely the n-butanol-ethanol-formic 
acid and n-propanol-formic acid systems of Leone and Scale (20). Four 
chromatograms were required, the two systems being used alternately, to 
obtain orotic acid of constant specific activity (2500 ¢.p.m. per mg.). This 


TABLE | 
Specific activities of pyrimidine nucleotides, pyrimidines, and purines of nucleic 
acids from regenerating rat liver and combined internal organs after administration, 
by intraperitoneal injection, of 1 mg. (1.0 X 10’ ¢.p.m.) of thymine-6-carboxylie acid- 
9-C¥ daily for 4 days. 


Tissue Isolated compound PNA DNA 


c.p.m. per pM C.p.m. per um 


Regenerating liver Adenine 3.0 1.5 
Guanine 3.0 4.5 
Uridylic acid 52.0 
Uracil 52.0 
Cytidylic acid 49.0 20.0 
Cytosine 48.0 19.0 
Thymidylic acid 11.5 
Thymine 13.5 
Combined internal organs Adenine’ 1.9 
Guanine 5.8 
Cytosine 2.8 
Thymine 3.7 


TaBLe II 
Excretion of C™ during a 24 hour period following the administration of 1 mg. 
(1.0 X 107 c.p.m.) of thymine-6-carboxylie acid-2-C™ by intraperitoneal injection 
toa rat (250 gm. body weight). 


C™ excreted Per cent of administered C™ 
C.p.m. 
Urine 8, 700,000 87.0 
Respiratory COz. ; 1,000,000 10.0 


evidence indicated an extremely small contamination (about 0.025 per cent) 
of the labeled thymine-6-carboxylic acid with orotic acid or another com- 
pound which, under the conditions of this experiment, behaved indistin- 
guishably from orotic acid. The trace incorporation observed in the pyri- 
midines of both PNA and DNA, therefore, could be due to the possible 
trace of orotic acid or other impurities in the starting material, or to deg- 
radation products arising spontaneously or metabolically from thymine-6- 
carboxylic acid. 
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In agreement with the observations of Mitchell and Williams (21), the 
thymine requirement of Streptococcus faecalis R (ATCC 8043) (in the ab- 
sence of derivatives of folic acid) was not replaced by thymine-6-carboxylic 
acid. The latter compound was added to the media in concentrations 
ranging from 1 X 10~* to 5 mg. per 10 ml. These concentrations of thy- 
mine-6-carboxylic acid produced neither a stimulation nor an inhibition of 
growth when added to tubes which contained 10 y of thymine per 10 ml, 
of media. Similarly, thymine-6-carboxylic acid was not able to replace 
the thymine requirement of Lactobacillus casei (ATCC 7469), when tested 
at concentrations ranging from 1 X 10~ to 10 mg. per 10 ml. of media, 
nor the orotic acid requirement of Lactobacillus bulgaricus 09 at concentra- 
tions ranging from 0.1 to 10 mg. per 10 ml. of media. Assuming the ability 
of the compound to penetrate the cells, these results indicate that S. fae- 
calis and L. casei do not possess enzymes capable of decarboxylating the 
thymine derivative to free thymine. 

The insignificance of the incorporation of thymine-6-carboxylic acid into 
DNA is emphasized by the finding, in preliminary experiments,® that thy- 
mine-2-C™ given under exactly comparable conditions is utilized to a con- 
siderably greater extent. Since Plentl and Schoenheimer (22) found that 
thymine-N’ was not utilized, and Brown et al. (3) have reported that a 
more highly labeled thymine-N’® is inefficiently utilized by the rat as a 
source of DNA-thymine, it is presumed that physiologic significance is not 
to be attached to the incorporation of thymine-C™ that has been observed. 
However, additional studies along these lines are in progress. The import- 
ance to this report of the relatively poor uptake of thymine-6-carboxylic 
acid, as compared with thymine, is that the carboxyl derivative of thy- 
mine, unlike that of uracil (orotic acid), can be excluded as an intermediate 
in the synthesis of DNA by the rat. 

These studies suggest, therefore, that the methyl group of the thymine 
moiety of DNA is introduced subsequent to the formation and utilization 
of orotic acid (or, more probably, a derivative thereof). 


SUMMARY 


1. The synthesis of thymine-6-carboxylic acid-2-C™ is described. 

2. Unlike uracil-6-carboxylic acid (orotic acid), the 5-methyl derivative 
(thymine-6-carboxylic acid) is not utilized for nucleic acid synthesis by the 
partially hepatectomized rat. During a 24 hour period following the in- 
traperitoneal injection of 1 mg. of the compound, 87 per cent was excreted 
unchanged in the urine, while 10 per cent of carbon 2 was expired as carbon 
dioxide. 

3. Streptococcus faecalis and Lactobacillus casei cannot utilize thymine-6- 


5 Unpublished data. 
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the carboxylic acid in lieu of thymine. The orotic acid requirement of Lacto- 
ab- bacillus bulgaricus 09 cannot be replaced by thymine-6-carboxylic acid. 

Vlic 

ome The authors wish to thank Dr. Arnold D. Welch for his continued inter- 
hy- est, constructive criticisms, and helpful suggestions during the course of 
1 of this study and the preparation of the manuscript. 
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3-METHYLHISTIDINE, A NEW AMINO ACID FROM 
HUMAN URINE* 


By HARRIS H. TALLAN, WILLIAM H. STELN, ann STANFORD MOORE 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, October 5, 1953) 


In previous work (2), in which chromatography on columns of Dowex 50 
was employed to determine the amino acid content of human urine, a peak 
was observed on the effluent curve at a position different from that occupied 
by any of the ninhydrin-positive substances which had been studied. The 
peak, labeled X in Fig. 2 of the earlier paper (2), was also present when 
acid hydrolysates of urine were chromatographed, indicating that the 
substance responsible for it was not a peptide. The isolation of the 
compound by ion exchange chromatography, its identification as 3-methy]l- 
t-histidine, and its synthesis from t-histidine form the subject of this com- 
munication. 

3-Methylhistidine (a-amino-8-(1-methyl-4-imidazole)propionic acid) is 
an isomer of 1-methylhistidine (a-amino-8-(1-methy]-5-imidazole)propionic 
acid). The latter compound has long been known to be a constituent 
of anserine (3) and has recently been isolated in the free form from urine 
by Searle and Westall (4). The structure of the 1-methyl derivative was 
originally established by distillation of anserine with soda lime to give 1 ,5- 
dimethylimidazole (5). 


HC=——C—CH.—CH—COOH HC=—C—CH,—CH—COOH 


By od | ae 


CH;—N N NH, N N—CH,; NH, 
\F VY 
CH CH 
3-Methylhistidine 1-Methylhistidine 


The amino acid isolated in the present study was tentatively identified 
as 3-methylhistidine on the basis of several lines of evidence. Elementary 
analysis and infra-red spectra both pointed to a methylhistidine. Alki- 
mide determinations placed the methyl group on a nitrogen atom, while 
a negative Pauly reaction indicated substitution in the imidazole ring. 
Chromatography on Dowex 50 (Fig. 1, a) and infra-red spectra served 


* A preliminary report of this work was given at the meeting of the Federation of 
American Societies for Experimental Biology, Chicago, April 6-10, 1953 (1). 
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to distinguish the new amino acid from 1-methylhistidine,' leaving the 
3-methyl isomer as the most logical possibility. 

Positive identification of the new amino acid as 3-methylhistidine was 
achieved by synthesis. The methylation of phthaloylhistidine with di- 
methy! sulfate was first studied in order to eliminate the possibility of 
methylation on the a-amino group. Keil (6) had attempted to synthesize 
1-methylhistidine in this manner, but, with the methods then available, 
was unable to separate the mixture of compounds obtained. Chromatog. 
raphy of an acid hydrolysate of the reaction products on Dowex 50 (Fig, 
1, b) revealed the presence of the two expected methyl! derivatives, one 
identical in position with 1-methylhistidine, the other identical in position 
with the new amino acid from urine. The experiment showed that syn- 
thetic 3-methylhistidine was chromatographically indistinguishable from 
the compound isolated from urine and further strengthened the probability 
that the new amino acid was 3-methylhistidine. Isolation of the synthetic 
amino acid from the products of this reaction was not attempted when it 
was learned from Dr. R. A. Turner? that, under the conditions employed, 
phthaloylation of histidine leads to a racemized derivative. 

Synthesis of the optically active isomer was effected by direct methyla- 
tion of L-histidine with methyl] iodide in the presence of sodium and liquid 
ammonia by the general procedure of du Vigneaud and Behrens (8). Al- 
though the reaction mixture is more complex in this case (Fig. 2), substi- 
tution on the a-amino nitrogen also occurring, it was possible to isolate 
synthetic 3-methylhistidine and to show it to be identical with the natural 
product in elementary analysis, optical rotation, chromatographic be- 
havior, and infra-red spectrum (Fig. 3). 


EXPERIMENTAL 


Isolation of 3-Methylhistidine—Under the chromatographic conditions 
employed for the analytical determination of the basic amino acids (9), 
3-methylhistidine appears on the effluent curve merged with the front edge 
of the histidine peak (2). Almost complete separation from histidine can 
be achieved by increasing the height of the column from 15 cm. to 46 cm. 
and by changing the pH of the phosphate buffer from 6.8 to 6.6 (6.2 gm. 
of NazgHPO, and 7.85 gm. of NaH,PO,-H,0 per liter). The effluent curve 
obtained when normal human urine is chromatographed under these con- 
ditions is shown in Fig. 1, a. Analyses of several samples of male urine 
indicated an average excretion of 3-methylhistidine of about 50 mg. per 
day. 


1 We wish to acknowledge our indebtedness to Dr. V. du Vigneaud and to Mr. R. 
G. Westall, who kindly gave us authentic samples of 1-methylhistidine. 
2 Personal communication (see also Turner (7)). 
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In scaling up the method to permit isolation, as much as 3 liters of urine 
could be chromatographed on a 7.5 X 46 cm. column of Dowex 50 by em- 
ploying the apparatus described by Hirs et al. (10). The column was 
poured in three sections. Effluent fractions of 20 or 50 ml. were collected, 
and aliquots for ninhydrin analysis were withdrawn from every third or 
fourth fraction. The effluent fractions containing the unknown amino 
acid were combined and freed of buffer by passage through a column of the 
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Fig. 1. a, separation of the basic ninhydrin-positive components of urine on a 
0.9 X 46 cm. column of Dowex 50. A 4 ml. sample of urine was chromatographed. 
The creatinine peak has been corrected for low color yield with ninhydrin. b, sep- 
aration on a 0.9 X 46 cm. column of Dowex 50 of the methylhistidines obtained by 
methylation of phthaloylhistidine. See the text for the details. 


hydrogen form of Dowex 50 equilibrated with n HCl. A column 4 X 10 
em. sufficed for the desalting of 3 liters of effluent, which was brought to 
about pH 2 with HCl before being added to the column. It is important 
that glass-distilled water and glass-distilled 6 n HCl be employed to make 
up the eluents used in the desalting procedure and in subsequent stages 
of the isolation. Afterthe emergence of the first liter of 1 n HCI, the effluent 
was collected in 10 ml. fractions. Aliquots (0.05 ml.) were pipetted from 
alternate fractions and taken to dryness in photometer tubes (cf. (10)). 
When 3 liters of effluent were being desalted, a total of about 1800 ml. of 
1 N HCl was passed through the column before the effluent was salt-free, 
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as evidenced by the absence of residue after evaporation of the HCl. The 
influent was then changed to 4 Nn HCI to elute the 3-methylhistidine, the 
position of which was determined by ninhydrin analyses of the dried 
samples. Those fractions containing the amino acid were combined and 
concentrated to dryness in a rotary evaporator (11). Water was added 
and the concentration repeated twice more to remove the excess HC. 
The oily liquid remaining was dissolved in a small volume of water, treated 
with acid-washed Norit, and filtered through a pad of Celite. The com- 
bined filtrate and washings were taken to dryness and dissolved in a mini- 
mal amount of 90 per cent ethanol at room temperature. To obtain 3- 
methylhistidine monohydrochloride, 2 drops of pyridine were added. The 
product which crystallized slowly at 4° was removed by filtration and 
washed with absolute ethanol and ether; yield, 25 mg. per liter of urine. 
The substance was recrystallized twice from water-ethanol and dried in 
vacuo over P,Os5 at 100° before analysis. The preparation was ash-free, 
Alkimide determinations were performed according to the procedure given 
by Niederl and Niederl (12); however, a 5 per cent ascorbic acid scrubber 
was employed, as described by Franzen ef al. (13). [a]2” +13.5° (1.9 per 
cent in N HCl). 


C;HiuN ;02-HClI (205.6). 
Calculated. C 40.9, H 5.9, N (Dumas) 20.4, Cl 17.2, N—CH; 7.3 
Found. * a, “sa os m3, "1 


To prepare the free base, 40 mg. of the monohydrochloride were dis- 
solved in 0.5 ml. of water and added to a 0.9 X 1.1 cm. bed of Dowex 2 
in the hydroxide form. The resin bed was washed with 1.5 ml. of water, 
followed by 3 ml. of 0.5 N acetic acid to elute the amino acid. The acetic 
acid eluate was taken to <lryness three times to remove the acid, and the 
residue was crystallized from water-ethanol and dried in vacuo over P.Os 
before analysis; yield, 24 mg., corresponding to 72 per cent of the mono- 
hydrochloride taken. The preparation contained 0.17 per cent ash. [al 
— 26.5° (2.1 per cent in water). 

C;HiN;02. Calculated. C 49.7, H 6.6, N (Dumas) 


24.8, C10 
169.2 Found. “499,66,  “ 245 


* 0.0 


’ 


The substance, like 1-methylhistidine, gives no Pauly reaction, either 
on paper according to the method of Ames and Mitchell (14), or with the 
same reagent on a spot plate. 

Infra-red spectra of the new amino acid (see Fig. 3) and of various 
other amino acids were determined by Dr. Herbert Jaffe, to whom we wish 
to express our gratitude. The spectrum from the unknown bore more 
resemblance to the curves from 1-methylhistidine and histidine than it 
did to the spectra of any of the other amino acids. 
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Synthesis of 3-Methylhistidine from Phthaloylhistidine—Phthaloylhisti- 
dine was prepared from t-histidine by the general procedure of Sheehan 
and Frank (15) and of Keil (6). The product obtained had a melting 
point of 297-299° (corrected), instead of the value of 188° reported by Keil. 
For methylation, 283 mg. (1 mmo) of phthaloylhistidine were dissolved in 2 
ml. of N NaOH and 0.1 ml. (1 mm) of dimethyl sulfate was added. The 
mixture was shaken vigorously at room temperature for 15 minutes and 
finally heated in a boiling water bath for 30 minutes. To remove the 
phthaloyl group, the solution was concentrated in vacuo and the oily resi- 
due heated with 2 ml. of concentrated HCl in a sealed tube at 140° for 3 
hours. The solution was cooled and diluted with an equal volume of 
water; the resulting precipitate of phthalic acid was removed by filtration, 
washed with water, and dried (yield, 148 mg.; 89 per centof theory). The 
filtrate and washings were concentrated to dryness in vacuo three times to 
remove excess HCl] and the residue was made up to a volume of 25 ml. 
with water. When 0.2 ml. aliquots of this solution were chromatographed 
on a 0.9 X 46 cm. column of Dowex 50, the results shown in Fig. 1, b were 
obtained. This curve and the one obtained from urine and shown in 
Fig. 1, a possess certain features in common. As is the case with urine, 
the fractions from the first and third peaks in Fig. 1, b contain a substance 
that is negative to the Pauly reaction, while that in the middle peak is 
positive. Since the positions of histidine and 1-methylhistidine had been 
confirmed by the addition of the known amino acids to similar chromato- 
grams, by process of elimination the peak preceding histidine in Fig. 1, b 
can safely be ascribed to 3-methylhistidine. The yields are 24 per cent 
for 3-methylhistidine and 12 per cent for 1-methylhistidine. About 36 per 
cent of the histidine was recovered unchanged. The remainder of the 
starting material appeared as a small peak (not shown in Fig. 1) contain- 
ing more basic reaction products of unknown nature that emerged im- 
mediately after the eluent was changed to 0.2 n NaOH. 

Synthesis of 3-Methyl-.-histidine from L-Histidine—-Histidine (5 gm. of 
the free base or 32 mM) dissolved in 50 ml. of liquid NH; was methylated 
with 2.2 ml. (35 mm) of methyl iodide in the presence of 1.4 to 1.5 gm. 
(64 mm) of metallic sodium (ef. (8)). After evaporation of the NHs;, the 
glassy residue was evacuated at the water pump for several hours to re- 
move residual NH; and made up to a volume of 50 ml. with water (Solu- 
tion A). A small portion of this solution was adjusted to pH 4 with n 
HCl and an aliquot corresponding to about 0.01 ml. of Solution A was 
chromatographed on an analytical scale (0.9 X 46 cm.) column, with re- 
sults similar to those shown for the preparative scale column in Fig.2. The 
three peaks corresponding to unchanged histidine, 1-methylhistidine (in 
19 per cent yield), and 3-methylhistidine (in 26 per cent yield) were again 
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noted. A peak emerging after the change of eluent to 0.2 n NaOH was 
observed. Also, three peaks not seen earlier were obtained. One peak, to 
the right of 1-methylhistidine, corresponded in position to NH3;, while 
the other two appeared ahead of 3-methylhistidine and are shown in Fig, 2, 
The first peak is negative to the Pauly reaction, while the second is posi- 
tive. Although these substances were not investigated further, their 
absence from among the methylated products of phthaloylhistidine indi- 
cates that they probably are derivatives methylated on the a-amino group: 
The second peak probably corresponds to the monomethy] a-N-substi- 


synthetic methylhistidines 
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Fic. 2. Separation on a 7.5 X 46 cm. column of Dowex 50 of the products of the 
reaction of histidine with methyl iodide in liquid ammonia. About 1.5 gm. of the 
reaction products were chromatographed. 


- tuted derivative, while the first peak probably represents a dimethyl de- 
rivative substituted on the imidazole ring as well. 

For the isolation of the synthetic 3-methyl-L-histidine, a preparative 
scale chromatogram was performed with 15 ml. of the reaction mixture 
(Solution A above). The results are shown in Fig. 2. The effluent frae- 
tions containing the 3-methylhistidine were combined, the buffer was 
removed, and the amino acid was isolated exactly as described for urine. 
The yield of monohydrochloride was 126 mg., corresponding to 6 per cent 
of the histidine taken and 25 per cent of the 3-methylhistidine found analy- 


* Methylation of acetylhistidine with dimethyl sulfate, followed by hydrolysis, 
yielded a complex mixture containing all of the peaks found in the mixture when free 
histidine was methylated, with one additional Pauly-negative peak behind 1-methyl- 
histidine. The yields of the desired 1- and 3-methylhistidines were very low, how- 
ever, and the reaction was not investigated further. 
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tically to be present. The material was recrystallized and dried for analy- 
sis as previously described. [a]?’ +14.2° (3.3 per cent in N HCl); ash = 0.2 
per cent. 


C;HuN;02-HCl. Calculated. C 40.9, H 5.9, N (Dumas) 20.4, N—CH; 7.3 
205.6 Found. - 40.8, 6.0, is 66 20.5, ‘ 7.2 


The free base was prepared from 66 mg. of the monohydrochloride in the 
manner previously described; yield, 40 mg. (74 per cent of theory). [a]?° 
—25.4° (3.8 per cent in water); ash = 0.1 per cent. 


C;HuN;02. Calculated. C 49.7, H 6.6, N (Dumas) 24.8, Cl 0 
169.2 Found. “mS. ~ 64. * " 24.6, ‘* 0.0 


As may be seen in Fig. 3, the infra-red spectrum of the synthetic product 
js identical in every detail with that of the isolated material. 
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Fic. 3. Infra-red absorption of the Nujol mulls of natural and synthetic 3-methyl- 
L-histidines, determined with a Perkin-Elmer model 21 double beam spectrometer 


with NaCl optics, set at a scanning speed of 0.12 4 per minute on a chart scale of 2 
inches for 1 u. 


DISCUSSION 


Simultaneously with the isolation in this laboratory of 3-methylhistidine 
from human urine, we learned by personal communication that Searle and 
Westall in England had found a compound of similar characteristics in cat 
urine. An exchange of samples led to the demonstration that the two sub- 
stances were indistinguishable when chromatographed both on paper and 
on Dowex 50. It can also be stated that the compound identified in the 
present study is the same as unknown “‘S” observed in human urine by 
Westall (16). It is a pleasure to acknowledge the generous cooperation of 
the English investigators in exchanging information concerning a new 
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amino acid which was encountered in both laboratories at about the same 
time. By mutual agreement, work on the identification and synthesis of 
the amino acid was continued in this laboratory to avoid duplication of 
effort. 

Taken in conjunction with the demonstration of Searle and Westall (4) 
that 1-methylhistidine is a normal urinary constituent, the present experi- 
ments show that the human kidney excretes both of the ring N-methy| 
derivatives of histidine. In the normal individual, amino acids contain. 
ing the imidazole ring account for an appreciable percentage (as high as 30 
per cent in some instances) of the free amino acid a-amino nitrogen found 
in the urine. 3-Methylhistidine usually occurs in smaller amounts than 
does the 1-methyl isomer (2) and appears to be unusually low in Wilson’s 
disease (17). 

There are species differences in the excretion of the methylhistidines. In 
the rabbit, for example, the excretion of both isomers, as well as histidine, 
is very low, whereas experiments both in England‘ and in this laboratory 
have demonstrated that each of the methyl derivatives may be present 
in cat urine in far greater amounts than is histidine itself. 

The source of the urinary 3-methylhistidine both in the cat and in the 
human is far from clear. In the case of the 1-methyl derivative, Datta 
and Harris (18) showed that after the ingestion of large amounts of rabbit 
meat by the human (rabbit muscle being high in anserine) there was a 
measurable rise in the excretion of 1-methylhistidine.. The amounts nor- 
mally encountered in the urine might arise by the methylation of histidine 
in body tissues, since du Vigneaud and his coworkers (19) have demon- 
strated, by the use of methionine isotopically labeled in the methy! group, 
that labile methyl groups may be utilized for the biosynthesis of the methyl- 
histidine of anserine by the rabbit. Studies recently concluded® on the 
_ distribution of amino acids in human plasma have indicated that the 
amounts of the methylhistidines in fasting plasma, if they are present at 
all, are vanishingly small (less than 0.10 mg. per cent). The level of both 
methylhistidines in the fasting urine collected at the same time was ap- 
preciable, however, indicating either that tubular reabsorption of these 
compounds is very inefficient, or that they are formed in the kidney. After 
ingestion of a purified protein meal (casein as Protinal), the plasma levels 
of histidine and of the other amino acids commonly found in proteins rise 
markedly, whereas the concentration of the methylhistidines is unaltered 
(17). 

An attempt has been made to ascertain whether 3-methylhistidine, like 


*R. G. Westall, personal communication. 
’>W.H. Stein and 8. Moore, to be published. 
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same | the 1-methyl isomer, exists in cat muscle in the form of a peptide. For 
‘is of | this purpose, deproteinized extracts of gastrocnemius muscle were chro- 
m of | matographed on Dowex 50 both before and after acid hydrolysis. A small 
peak corresponding in position to free 3-methylhistidine was obtained, but 
1 (4) | the amount of material in the peak did not increase when the hydrolysate 
peri. | was chromatographed. Thus, there is no evidence that 3-methylhistidine 
thy! } occurs naturally in muscle in the form of a peptide similar to anserine. 

tain- 


as 30 It is a pleasure to acknowledge the expert assistance of Mr. 8. Theodore 
ound | Bella, who performed the microanalyses reported in this paper. 

than 

onal SUMMARY 

son's 


A new amino acid, 3-methyl-t-histidine (2-amino-8-(1-methy]-4-imida- 
In | zole)propionic acid), has been isolated from human urine by chromatog- 
dine, raphy on columns of Dowex 50. The substance has been synthesized by 
‘tory methylating L-histidine with methyl iodide in liquid ammonia in the pres- 
sent | ence of metallic sodium. Synthetic 3-methylhistidine, identical with the 
natural product in respect to elementary analysis, optical rotation, chro- 
| the matographic behavior, and infra-red spectrum, was isolated from the reac- 
atta tion mixture by chromatography. The isomeric 1-methylhistidine, long 
bbit known as a constituent of anserine, is also a product of the methylation. 
as a 3-Methylhistidine is excreted in normal human urine to the extent of 
nor- about 50 mg. per day. If either of the methylhistidines is present at all 
dine in fasting human plasma, the amount is vanishingly small (less than 0.10 


non- mg. per cent). There is no evidence that the 3-methyl derivative occurs 
oup, in muscle as a constituent of a peptide similar to anserine. 
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MECHANISM OF INCREASED HEPATIC CHOLESTER- 
OGENESIS IN DIABETES: ITS RELATION TO 
CARBOHYDRATE UTILIZATION * 


By S. HOTTA, R. HILL, anv I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School of 
Medicine, Berkeley, California) 


(Received for publication, August 3, 1953) 


It was shown in an earlier study that the incorporation of added acetate 
into cholesterol is much greater in liver slices prepared from diabetic rats 
than in those prepared from normal rats (1). No explanation for this in- 
creased cholesterogenesis by the diabetic liver was offered, although it 
would appear that the depressed lipogenesis that occurs in diabetes made 
available more C, fragments for other metabolic pathways. The increased 
incorporation of the acetate into cholesterol would, in such a case, resemble 
the increased ketone body formation observed in the diabetic animal. In 
order to throw light on the mechanism involved, we have studied here the 
effect of prolonged fructose feeding upon hepatic cholesterogenesis in the 
diabetic rat. It was demonstrated elsewhere (2) that the feeding of a diet 
high in this carbohydrate restores to the diabetic liver its ability to form 
fatty acids, and it is shown here that such a diet depresses, even below 
normal, the rate at which the diabetic liver incorporates acetate-C™ into 
cholesterol. 


EXPERIMENTAL 


Treatment of Animals—Long-Evans strain rats were made diabetic by 
the injection of alloxan monohydrate. We are indebted to J. W. Bauman 
for the preparation of the diabetic rats. Food and water consumption, 
weight changes, and urine excretion by the diabetic rats were measured 
daily for at least a month after the injection. The daily excretion of glu- 
cose in the urine ranged from 6.0 to 9.6 gm. All diabetic rats manifested 
fasting blood glucose concentration of 190 to 450 mg. per 100 ml. before 
they were fed the special diets. The determinations were made after a 
24 hour fast on whole blood as described by Somogyi (3). 

Normal and diabetic rats were maintained on an adequate stock diet 
before the special diets were begun. The latter were of two kinds, and 
differed only in their carbohydrate. The high glucose diet consisted of 


* Aided by grants from the United States Public Health Service and the Life 
Insurance Medical Research Fund. 
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60 per cent glucose, 22 per cent casein, 6 per cent salt mixture (4), and 12 
per cent Cellu flour to which had been added a water-soluble vitamin mix. 
ture (5). The high fructose diet contained the same ingredients, except 
that 60 per cent fructose was used in place of the glucose. 

Normal and diabetic rats were fed either the high glucose or high frue. 
tose diet for varying periods of time just before being sacrificed. While 
on these experimental diets, all rats received orally, every other day, a few 
drops of fish oil (sardaline) rich in vitamins A and D and of corn oil in 
which a-tocopherol was dissolved. 

Radioactive Substrate—The acetate-1-C™ used in these experiments was 
synthesized by Dr. J. Katz. It was added to the medium as the sodium 
salt. The C™ content was determined by plating an aliquot of the sodium 
salt directly on an aluminum disk and measuring the activity with a thin 
end window Geiger-Miiller tube. 

Incubation Procedure—The rats were sacrificed by a sharp blow on the 
head. Their livers were quickly excised and transferred to a Petri dish 
containing cold bicarbonate buffer prepared as described by Krebs and 
Henseleit (6). The Krebs-Ringer-phosphate buffer (7) was used in place 
of the bicarbonate buffer to determine the amount of CO2 produced by the 
liver slices. Liver slices of approximately 0.5 mm. thickness were prepared 
free-hand with a thin razor blade, and placed in a fresh portion of the buffer 
which had been kept on ice. Approximately 500 mg. of slices were gently 
blotted on coarse filter paper, weighed on a Roller-Smith torsion balance, 
and placed in the incubation flask. The details of the incubation proce- 
dure and the collection of the CO», have been described elsewhere (8). 

Analytical Procedure—The medium was decanted and the liver slices 
were hydrolyzed with 2 ml. of a freshly prepared solution of sodium ethylate 
(0.25 gm. of Na dissolved in 10 ml. of 95 per cent alcohol) for 30 minutes 
_ onthe steam bath. After the addition of a little water, the flask was placed 
on a steam bath to evaporate the alcohol. The contents were then acidi- 
fied to the brom cresol green end-point with concentrated HCl. Exactly 
10 ml. of chloroform were added, and the contents were vigorously shaken. 
The chloroform phase was allowed to separate, and was clarified either by 
standing or by centrifugation. An aliquot of this chloroform solution was 
evaporated to dryness in a vacuum oven, and the residue redissolved in 5.0 
ml. of acetone-aleohol (1:1). The cholesterol was precipitated by the ad- 
dition of digitonin. The cholesterol digitonide was dissolved in methy! 
alcohol, and an aliquot was transferred to an aluminum plate. The C" 
was counted with an end window Geiger-Miiller tube. The total amount 
of cholesterol present was determined on a separate aliquot of the methanol 
solution of the cholesterol digitonide by the Sperry-Webb method (9). 
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Results 


8 Hour Experiments with Liver Slices Prepared from Normal Rats—The 
results (Table I) show that the extent. of incorporation of the added C™ 
into cholesterol] was the same regardless of the hexose used in the diet. 


TaBLe I 
Incorporation of Acetate into Cholesterol by Liver of Normal Rats* Fed Either High 
Glucose or High Fructose Diet 
1 wm of acetate-1-C™ incubated with 500 mg. of liver slices in 5.0 ml. of Krebs’ 
bicarbonate buffer at 37.5° for 3 hours. Each value is the average of two separate 
closely agreeing determinations. 


Per cent added 





Liver Special diett acetate-C™ recovered 
as 
Rat No. Weight Chclea. 
| terol Period fed 

Weight content, | Carbohydrate before CO: Cholesterol 

| mg. per | sacrifice | 

gm. tissue | | 

| - | 

gm. gm. | | 
NG-1 174 9.8 | 1.90 Glucose 16 hrs. | 17.4 1.8 
NG-2 178 11.1 | 1.80 xs ie | 28 1.9 
NG-3 210 8.6 1.70 “ 14 days 26.0 1.6 
“G4 | 26 | 8.3 | 1.80 “ 4 = 15.0 1.0 
NG-5 | 298 | 9.6 1.76 | ws a 2.0 2.0 
NG6 | 258 | 9.8 1.95 os | ee 36.0 2.0 
=a ae 1.80 Fructose 16 hrs. 13.0 0.8 
NF-2 | 177 | 10.0 | 1.75 ig 11.0 1.4 
NF-3 232 | 10.0 | 1.70 “ | 14 days 13.3 1.0 
NF-4 164 | 7.0 1.85 “ | “4 « 17.5 1.6 
NF-5 260 10.0 1.99 . = te. 27.5 1.2 
NF-6 248 10.3. | 1.85 ae a (« mA! +3 
NF-7 295 11.3 | 2.05 “ a “ 34.0 1.8 





* Their average daily food intake varied from 12 to 25 gm. 
¢ The composition of the diets is given in the text. 


3 Hour Experiments with Liver Slices Prepared from Diabetic Rats—In the 
experiments with livers of glucose-fed, diabetic rats, the incorporation of 
C* into cholesterol was above normal (Table II). The feeding of fructose 
for 14 to 21 days resulted in a most pronounced reduction in the capacity 
of the diabetic liver to convert acetate carbon to cholesterol. The feeding 
of the fructose diet for only 16 hours was sufficient to reduce the cholesterol- 
C" recoveries to normal levels. 

Rate Study-—In the experiments described above, 1 um of labeled acetate 
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was added to a bicarbonate buffer, and the reaction was stopped at 3 hour, 
In two other experiments, the results of which are shown in Figs. 1 to 3, the 
reaction was stopped at various intervals from 30 minutes to 4 hours. |) 
these experiments, 50 um of labeled acetate were added to each flask. The 
results shown in Figs. 1 and 2 were obtained with a bicarbonate buffer, 
those in Fig. 3 with a phosphate buffer. Results similar to those shown ip 


TABLE II 


Incorporation of Acetate into Cholesterol by Livers of Diabetic Rats Fed Either High 
Glucose or High Fructose Diet 
1 um of acetate-1-C™ incubated with 500 mg. of liver slices in 5.0 ml. of Krebs’ 
bicarbonate buffer at 37.5° for 3 hours. Each value is the average of two separate 
determinations. 





| Per cent added 























Liver Special diet*® acetate-C™ recovered 
as 
Rat No. | Weight | Chole | l se 
| terol | Period fed 
| Weight content, | Carbohydrate | before CO: Cholestero! 
| | mg. per | | sacrifice 
| gm. tissue 
sm gm. 

DG-1 118 6.0 1.85 _ Glucose 16hrs. | 14.0 2.6 
DG-2 129 | 6.7 1.95 | “x ir 28.0 5.6 
DG-3 145 7.0 2.00 | ' l4days | 29.2 2.6 
DG-4 237 8.6 1.74 ws _ 33.8 4.2 
DG-5 210 8.9 1.84 a 27.0 5.3 
DF-1 166 10.1 1.70 Fructose | 16 hrs 31.0 | 1.4 
DF-2 | 166 10.1 | 1.82 “4 Te Si 23.5 1.5 
DF-3 | 127 8.6 | 1.80 = 14 days 32.8 0.10 
DF-4 | 198 | 8.1 | 1.80 - 14 30.8 | 0.20 
DF-5 | 218 | 12.0 1.93 ” = 39.0 0.3 
DF-6 | 238 | 12.1 1.87 i 40.0 0.8 
DF-7 280 | 15.0 1.75 . = 35.3 0.4 


| 








* The complete composition of the diets is given in the text. 


Figs. 1 and 2 were obtained with the phosphate buffer. The findings re- 
corded in Fig. 1 show that, regardless of the time when the reaction was 
stopped, the conversion of added acetate to cholesterol by livers of fruc- 
tose-fed diabetic rats is the same as that observed with livers of normal 
rats. 

Relation of C2 Pool Size to Observed Difference in Cholesterol-C™ Recoveries 
with Livers of Glucose-Fed and Fructose-Fed Diabetic Rats—Ample evidence 
exists to show that glucose utilization is impaired in the diabetic liver (10, 
11). But fructose, in contrast to glucose, appears to be used at normal 
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rates in the diabetic liver (12). In view of this difference between glucog 
and fructose utilization by the diabetic liver, it is necessary to consider the 
cholesterol-C"™ recoveries observed here in the light of C2 pool characteris. 
tics. Thus, the lower cholesterol-C™ recoveries found in the experiments 
with the fructose-fed, diabetic rats might merely reflect a greater dilution 
of the added C* in the liver of the fructose-fed than in that of the glucose. 
fed rat. 
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PERIOD OF INCUBATION (MINUTES) 
Fic. 3. Respiratory COz (mg.). 50 um of acetate and 500 mg. of liver slices were 
‘incubated in Krebs-Ringer-phosphate buffer at 37.5°. Each curve represents deter- 
minations made with separate portions of liver slices prepared from a single rat. 


The fructose effect on the diabetic liver was observed when 500 mg. of 
slices were incubated with 1 um of acetate (Tables I and IT), as well as when 
50 and 200 uM of acetate were added to each incubation flask (Figs. 4 to 6). 
This observation, with such widely varying amounts of acetate, argues 
against the view that the reduced cholesterol-C" recoveries found with the 
livers of the fructose-fed rats resulted from an enlarged C, pool. 

An enlarged C, pool would lower the C“O: recoveries, provided that the 
rate of CO, formation did not change. In this connection it should be 
noted that, in experiments carried out with 50 uM per flask, the CO, re- 
coveries observed with liver slices prepared from glucose-fed and fructose- 
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fed, diabetic rats were practically identical at all intervals (Fig. 2). This 
finding might be interpreted to mean that the C2 pool sizes in the glucose- 
fed and fructose-fed livers were not significantly different. 

The latter case does not rule out the possibility of an enlarged pool asso- 
ciated with an increased rate of CO, formation. In this case, the C“O, 
recoveries might be the same in the experiments with the livers of glucose- 
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ACTIVITY OF ISOLATED CHOLESTEROL 





SPECIFIC 


AMOUNT OF ACETATE INCUBATED (uM) 

Fia. 4. Cholesterol-C™ recoveries, concentration study. 
of labeled acetate in each flask were kept constant but the amount of acetate per 
flask varied from 1 to 200 um. Toeach flask were added 500 mg. of liver slices. The 
incubation was carried out in Krebs-Ringer-phosphate buffer for 3 hours at 37.5°. 


Each curve represents determinations made with separate portions of liver slices 
prepared from a single rat. 


The counts per minute 


fed and fructose-fed, diabetic rats. For this reason, the total CO» produc- 
tion by the livers of glucose-fed and fructose-fed diabetic rats was deter- 
mined. The treatment of the rats was the same as that described above, 
but the liver slices were incubated in a Krebs-Ringer-phosphate buffer. 


At the end of the experiment, the total CO. was determined by titration of 
the formed NaHCO, with acid. 


The results of this experiment are shown 
in Fig. 3. 


Since, in addition to C“Os», the total amounts of CO» produced 
by the two types of livers did not differ, it is reasonable to infer that the 
difference in cholesterol-C™ values observed does not reflect a change in 
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C2 pool size but represents, rather, an actual change in the rate of choles. 


terol synthesis. 


Comment 


In the present investigation we have compared the incorporation of 
added acetate carbon into cholesterol and CO, by the livers of two groups 
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AMOUNT OF ACETATE INCUBATED (uM) 
Fig. 5. CO recoveries, concentration study. The counts per minute of labeled 
.acetate in each flask were kept constant but the amount of acetate per flask varied 
from 1 to 200 um. To each flask were added 500 mg. of liver slices. The incubation 
was carried out in Krebs-Ringer-phosphate buffer for 3 hours at 37.5°. Each curve 


represents determinations made with separate portions of liver slices prepared from 
a single rat. 


of diabetic rats whose dietary treatment differed for a variable period, 
from 16 hours to 21 days, before their livers were removed for study. 
Both diets were high in carbohydrate and low in fat, and varied only in 
the nature of the carbohydrate. The diabetic rat previously fed fructose 


as sole carbohydrate differed from the glucose-fed, diabetic rat in the rate 
at which its liver incorporated added acetate into cholesterol. This dif- 


ference between the livers of the fructose-fed and glucose-fed, diabetic rats 
was observed as e: 


the feeding. 


arly as 16 hours and as late as 3 weeks after the start of 
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Since the evidence provided here indicates that the reduction of choles- 
terol-C™ recoveries observed in the experiments with the livers of the fruc- 
tose-fed, diabetic rats is not the result of a change in Cz pool size, it is 
reasonable to infer that restoration of glycolytic activity in the diabetic 
liver induced by fructose feeding is responsible for diverting the C2 frag- 
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Fic. 6. Respiratory COz. The amount of acetate per flask varied from 1 to 200 
um. To each flask were added 500 mg. of liver slices. The incubation was carried 
out in Krebs-Ringer-phosphate buffer for 3 hours at 37.5°. Each curve represents 
determinations made with separate portions of liver slices prepared from a single rat. 


ment from the path of cholesterol synthesis to other metabolic pathways, 
presumably lipogenesis. 


SUMMARY 


1. The rates.of incorporation of the C“ of acetate-1-C™ into cholesterol 
by livers of two groups of alloxan-diabetic rats were compared. One group 
was fed a diet containing 60 per cent glucose, the other a diet containing 60 
per cent fructose. 

2. The capacity of the liver of the glucose-fed, diabetic rat to incorporate 
the C“ into cholesterol was more than twice that observed with livers of 
normal rats fed either the high glucose or the high fructose diet. 
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3. The rate of hepatic cholesterogenesis in diabetic rats was restored to 
fan) ) 


normal by the feeding of the high fructose diet. 


4. The mechanism of increased hepatic cholesterogenesis in diahetes js 
i 


discussed. 


ee 
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‘ STUDIES WITH TESTOSTERONE-d IN NORMAL MEN* 


By DAVID K. FUKUSHIMA, KONRAD DOBRINER,f anp 
T. F. GALLAGHER 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
(Received for publication, July 24, 1953) 


These studies were undertaken to investigate, by discriminating methods, 
nis- the transformation and fate of testosterone. For this purpose normal men 
were given small and large doses of the hormone stably labeled with deu- 


7” terium. The metabolites in the urine were isolated, purified, character- 
vad ized, and analyzed for the isotope. The results from these experiments 
show clearly (1) the kind and quantity of the principal metabolites at two 
ind dosage levels, (2) the effect of a single large dose of hormone on the sub- 
ject’s own glandular production of that same hormone, (3) the variation 
‘ among individuals in the metabolic transformation of the hormone, and 


(4) a significant difference in the excretion of hormone metabolites follow- 
92, ing a small dose (10 mg.) compared with a larger amount (100 mg.) simi- 
larly administered. 

It has been known for some time that androsterone and etiocholanolone 
are the principal metabolites of testosterone in man and that there is an 
increased excretion of these two end-products following administration of 
thehormone. The pertinent literature has recently been reviewed by Sam- 
uels and West (1). It has, in the past, been impossible in normal subjects 
to dissociate the metabolites of endogenous origin from those obtained 
from the artificially introduced hormone. This fact, together with the 
various technical difficulties associated with such studies, has led to uncer- 
tainty in evaluating both the quantitative recovery of the products and 
the significance of their interrelationship. By the use of isotopically la- 
beled steroid hormones many of these problems can be circumvented, and 
it is possible now to study the urinary steroids with a considerable certainty 
that these substances can be directly related to their hormonal precursors. 


EXPERIMENTAL 
Melting points were taken on a Kofler block and are corrected. The 
symbol KS signifies mg. equivalents of dehydroisoandrosterone by the Cal- 


*The authors gratefully acknowledge the assistance of grants from the Teagle 
Foundation, the American Cancer Society (on recommendation of the Committee on 
Growth of the National Research Council), the Commonwealth Fund, the Anna 
Fuller Fund, the Lillia Babbitt Hyde Foundation, and the National Cancer Institute 
of the National Institutes of Health of the United States Public Health Service. 

t Died March 10, 1952. 
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low reaction. The symbol AD signifies atom per cent excess deuterium, 
The analyses for deuterium were made by combustion of the steroid in g 
stream of oxygen and passage of the water vapor through a zinc-filled fur. 
nace at about 400° in a good vacuum. The ratio of hydrogen to deuterium 
was determined in a mass spectrometer. 

The testosterone-d was prepared from A‘-androstene-3 , 17-dione that had 
been subjected to platinum-catalyzed deuterium exchange. The proce- 
dure has been described in detail (2). The intramuscular injections were 
made into the buttocks immediately after voiding a urine sample. The 
time of injection marked the initiation of the experimental period, and 
separate complete 24 hour collections of urine were obtained from that 
time until the completion of the experiment. 100 mg. of testosterone-d 
were dissolved in 1 ml. of 20 per cent benzyl alcohol and 80 per cent sesame 
oil; the 10 mg. doses of testosterone were dissolved in sesame oil alone, 
Because of minor variations in the technical procedure from experiment 
to experiment, a brief description is given of the procedure followed in each 
experiment. 

It is pertinent to note the hydrolytic procedure (in most instances 30 
minutes boiling with 5 per cent sulfuric acid) used in these experiments, 
A?-Androstene-17-one is known to be an artifact derived from androsterone 
by the elimination of a molecule of water during vigorous acid hydrolysis, 
The compound probably arises directly from the conjugate by an elimina- 
tion reaction catalyzed by hydrogen ions and not from secondary alteration 
of the androsterone after hydrolytic cleavage of the conjugate. Regard- 
less of the mechanism of its formation, it is clear that the transformation 
product does not constitute more than 5 to 10 per cent of the total amount 
of androsterone present in the urine. Since this substance is easily iso- 
lated and identified and the precursor substance is known, the fact of its 
formation presents no difficulty for the interpretation of physiological 
studies. Furthermore, since the quantity of the artifact produced is small 
although somewhat variable, no considerable error would be introduced 
were this transformation product to be disregarded in similar isolation 
studies. Acid hydrolysis, then, is an efficient method for obtaining the 
metabolites of testosterone. This is of course not the case for all urinary 
steroids, since many of these are considerably altered by this vigorous 
treatment. 


100 Mg. Experiments 


Subject A (Normal Male, Age 43 Years). Day of Injection—The 24 hour 
urine following the intramuscular administration of testosterone-d con- 
taining 2.82 AD was hydrolyzed by Method A; 7.e., 30 minutes boiling of 
urine acidified with sulfuric acid to a concentration of 5 per cent, volume 
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per volume (3), extracted continuously with ether for 48 hours, and sepa- 
rated into fractions by methods described elsewhere (4); the values are 
recorded in Table I. The a-ketonic fraction' was chromatographed on 
alumina. 

A?-Androstene-17-one—The early eluates contained A*-androstene-17-one 


TaBLeE I 


Excretion of Metabolites after 100 Mg. of Testosterone-d 


Subject A Subject C Subject D Subject E 








—— 


a-Ketosteroids isolated — 









































ist day | 2nd day | 1st day | 2nd day | 1st day | 2nd day | 1st day | 2nd day 
ns mg. mg. | mg. mg. mg. mg. mg. | mg. 
Etiocholanolone | 
Exogenous 25.7 | 4.1 | 13.9 2.03 | 7.8 2.56 | 13.5 2.50 
Endogenous 9.0 | 5.7 | 3.3 3.6 3.7 
Androsterone 
Exogenous 10.3 1.6 | 26.8 4.74 | 14.5 4.0 | 17.0 | 3.84 
Endogenous 2.9 2.0 | 6.7 6.7 5.6 | 
A?-Androstene-17-one 0.78 0.09 | 0.05 0.00 0.00 | 
Androstane-3, 17- 0.19 | 
dione 
Etiocholane-3, 17- 0.11 | 
dione | | 
Total, 24 hrs. | | 
Exogenous 37.1 | 5.79 | 40.7 6.77 | 22.3 | 6.56 | 30.5 6.34 
Endogenous | 11.9 | 7.7 | 10.0 | 10.3 9.3 
Total, 48 hrs., 42.9 47.5 28.9 36.8 
exogenous | | | | 
Crude neutral (KS) 74.2 32.5 | 51.9 | 19.0 38.1 | 27.3 | 47 .6 25.8 
a-Ketosteroid ‘‘ 67.8 | 23.7 | 51.0 30.5 | 35.1 
8-Ketosteroid ‘“ 0.6 | 0.3 | 2.0 | 1.2 | 0.12 | 1.0 2.4 1.6 








as judged by infra-red spectrometry. These were combined, and 21.34 
mg. of carrier A?-androstene-17-one were added. Sublimation followed by 
three recrystallizations of the sublimate from methanol afforded pure A?- 
androstene-17-one, m.p. 105-105.5°, containing 0.100 AD; if the amount 


1 The terms ‘‘a-ketonic fraction” and “a-ketosteroids” are used conventionally to 
indicate substances not precipitable by digitonin under the prescribed conditions (4). 
Similarly, ‘‘8-ketonic fraction” and ‘‘8-ketosteroids”’ signify compounds that form 
insoluble digitonides. It is thus clear that such substances as A?-androstene-17-one, 
etiocholane-3,17-dione, and androstane-3,17-dione, which do not have hydroxyl 
groups in the molecule, are, nevertheless, found in the ‘‘a-ketonic fraction.” 
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formed from endogenously produced androsterone is disregarded, this value 
corresponds to 0.78 mg. of the transformation product from injected tes- 
tosterone-d. 

Androstane-3 ,17-dione and Etiocholane-8 ,17-dione—The eluates follow- 
ing A?-androstene-17-one contained androstane-3 , 17-dione and etiocholane- 
3,17-dione by infra-red spectrometry. These were combined and divided 
into two equal portions. To one portion, 30.24 mg. of androstane-3 ,17- 
dione were added, and to the other portion 32.32 mg. of etiocholane-3 ,17- 
dione were added. Each portion was sublimed and recrystallized twice 
from petroleum ether. Androstane-3 ,17-dione, m.p. 132—132.5°, contain- 
ing 0.009 AD, was obtained from the appropriately diluted portion. If we 
disregard endogenous production of this metabolite, 0.19 mg. of the dike- 
tone was derived from the testosterone administered. Etiocholane-3 , 17- 
dione, m.p. 133-133.5°, contained 0.005 AD, and, if endogenous production 
of this metabolite is disregarded, 0.11 mg. was derived from the injected 
testosterone. 

Androsterone and Etiocholanolone—F rom the chromatogram, certain elu- 
ates contained essentially pure androsterone, uncontaminated by other 
steroids as judged from infra-red spectrometry. These fractions, contain- 
ing 9.1 mg. of KS, were combined, sublimed in high vacuum, and yielded 
9.0 mg. by weight of sublimate. This product after two recrystallizations 
from acetone-petroleum ether afforded androsterone, m.p. 184.5-186°, 2.06 
AD. Since androsterone-d derived from testosterone-d containing 2.82 
AD should have 2.64 AD, on the assumption that no isotope was lost in 
the biochemical conversion, it can be calculated (2.06/2.64 X 100) that 78 
per cent of the total androsterone in the urine had been derived from the 
testosterone-d administered. 

From the chromatogram, eluates that contained etiocholanolone uncon- 
taminated by other steroids as judged from infra-red spectrometry were 
combined (26.6 mg. of KS). Sublimation yielded 22 mg. of crystals which 
afforded etiocholanolone, m.p. 150.5-151.5°, containing 1.95 AD, after two 
recrystallizations from petroleum ether. Calculated in the same manner 
as for androsterone, the isotopic content of the metabolite indicated that 
73.8 per cent of the etiocholanolone of the urine had been derived from the 
testosterone-d administered. 

All the eluates from the chromatogram not used in the preceding studies 
were combined. These included (1) the fractions preceding ‘“‘pure” an- 
drosterone, (2) the fractions containing mixtures of androsterone and 
etiocholanolone, and (3) the fractions after “pure” etiocholanolone which 
still contained traces of that compound. The combined fractions were 
divided into two unequal portions. To 70 per cent of the material, 42.96 
mg. of androsterone were added, and to the remaining 30 per cent 51.22 
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mg. of etiocholanolone were added. Each separate portion was then re- 
chromatographed on alumina, and the purest samples as judged by infra- 
red spectrometry were combined, sublimed, and recrystallized as before. 
Androsterone, m.p. 183.5-186°, contained 0.132 AD, and etiocholanolone, 
m.p. 152-153°, contained 0.135 AD. From these values, it was calculated 
that 4.2 mg. of androsterone containing 2.06 AD (the value found above 
for the undiluted androsterone) and 12.7 mg. of etiocholanolone containing 
1.95 AD (the value obtained for the undiluted etiocholanolone) were pres- 
ent in the mixture. The total excretion of these two metabolites was 
obtained by addition of the amount isolated without dilution (9.0 mg. for 
androsterone’) to the amount obtained by isotopic dilution (4.2 mg. for 
androsterone). ‘Therefore, in the first 24 hours of the experiment, there 
was a total excretion of 13.2 mg. of androsterone containing 2.06 AD, and 
78.0 per cent, or 10.3 mg., of this metabolite was derived from the admin- 
istered testosterone-d. Conversely, 2.9 mg. of androsterone were derived 
from endogenous sources. Similar calculations indicated that a total of 
34.7 mg. of etiocholanolone containing 1.95 AD were excreted in the first 
%4 hours. Of this amount, 73.8 per cent, or 25.7 mg., was derived from 
the hormone injected and 9.0 mg. were produced from endogenous sources. 

Etiocholane-3a ,178-diol—The non-ketonic fraction (120 mg.) was di- 
vided into two equal portions. To one portion, 16.46 mg. of androstane- 
3a,178-diol were added, and to the other 15.85 mg. of etiocholane-3a , 178- 
diol were added. The portion containing androstanediol was lost in 
manipulation. The other portion was chromatographed on silica gel and 
the eluates containing etiocholanediol were combined and recrystallized 
from acetone and methanol-ethyl acetate. Etiocholane-3a,176-diol, m.p. 
234-236°, containing 0.064 AD, was obtained. When endogenous produc- 
tion of this metabolite is disregarded, 0.82 mg. of this diol was derived from 
the administered testosterone. 

Day after Injection—The urine of Subject A from the following 24 hours 
was processed as above; the values for the fractions are recorded in Table I. 
The a-ketonic fraction was chromatographed on alumina, and the early 
eluates containing A?-androstene-17-one as judged by infra-red spectrom- 
etry were combined, and 21.83 mg. of carrier A?-androstene-17-one were 
added. 


A?-Androstene-17-one—Sublimation of the product followed by two re- 


? This value is the weight of the sublimate obtained from the purest fractions of 
the chromatogram. It should be noted the value is in excellent agreement with the 
value obtained colorimetrically. The weight of the sublimate was used rather than 
the KS value to avoid correction for the greater chromogenic property of etiocholano- 
lone compared to dehydroisoandrosterone, the standard chromogen. No significant 
alteration is introduced into the results by the use of either the weight of the sub 
limate or the corrected KS value. 
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crystallizations from methanol afforded A?-androstene-17-one, m.p. 106 
107°, 0.011 AD. If the endogenous production of the precursor of this 
compound is disregarded, 0.09 mg. of A?-androstene-17-one was derived 
from the metabolites of the testosterone-d administered. 

Androsterone and Etiocholanolone—The chromatogram yielded certain 
eluates containing androsterone uncontaminated with other steroids as 
judged by infra-red spectrometry. These were combined (2.7 mg. of KS), 
Sublimation in high vacuum yielded 3 mg. of sublimate which after two 
recrystallizations from acetone-petroleum ether yielded androsterone, mp, 
179-184°, containing 1.14 AD. Calculation, as indicated in the preceding 
day’s experiment, showed the 43.2 per cent of the androsterone in the 
urine was derived from the testosterone-d administered. 

The chromatogram yielded certain eluates containing etiocholanolone 
uncontaminated by other steroids as judged by infra-red spectrometry, 
These were combined (8.0 mg. of KS). Sublimation in high vacuum 
afforded 7.1 mg. of sublimate which after two recrystallizations from 
benzene-petroleum ether yielded etiocholanolone, m.p. 149-151°, containing 
1.12 AD. Calculated as before, this result indicated that 42.4 per cent of 
the urinary etiocholanolone had been derived from administered testos- 
terone-d. 

All the other chromatographic fractions containing either androsterone 
or etiocholanolone or mixtures of these two substances, as indicated in the 
preceding day’s experiment, were combined and were divided into two 
unequal portions. To 60 per cent of the combined portions, 26.06 mg. of 
carrier androsterone were added, and to the remaining 40 per cent 31.48 
mg. of carrier etiocholanolone were added. Rechromatography upon silica 
gel, followed by sublimation and recrystallization of each portion, gave 
androsterone, m.p. 184-185°, containing 0.022 AD, and etiocholanolone, 

m.p. 151-153°, containing 0.037 AD. Calculated as in the preceding day’s 
" experiment, these results indicated that 0.9 mg. of androsterone containing 
1.14 AD and 2.7 mg. of etiocholanolone containing 1.12 AD were present 
in these fractions from the initial chromatogram. Addition of the amount 
of pure substance isolated as the sublimate showed that in the second 24 
hours there was a total excretion of 3.6 mg. of androsterone with 1.14 AD 
and that of this amount 43.2 per cent or 1.6 mg. had been derived from the 
testosterone-d administered. Conversely, 2.0 mg. of androsterone had 
been produced from endogenous sources. Similarly, a total excretion of 
9.8 mg. of etiocholanolone with 1.12 AD was indicated, of which 42.4 per 
cent or 4.1 mg. had been derived from administered testosterone-d, while 
5.7 mg. had been produced from endogenous sources. 

Subject C (Normal Man, Age 25 Years). Day of Injection—The urine col- 
lection for the first 24 hours following the intramuscular injection of 100 
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mg. of testosterone-d containing 0.756 AD was hydrolyzed by Method B, a 
combination of extraction with ether of urine acidified to pH 1, followed by 
separate hydrolysis by Method A of the residual urine and of the alkali- 
soluble fraction from the ether extract (3). The values are recorded in 
Table I. The crude neutral fraction (51.9 mg. of KS) was divided into two 
portions, and 80 per cent of this extract was processed precisely as in the 
preceding experiment (Subject A) for the isolation of undiluted androster- 
one and etiocholanolone. The following results were obtained, corrected 
to the 24 hour basis: A?-androstene-17-one, 29.52 mg. of carrier, m.p. 105- 
106°, 0.004 AD, amount present in 24 hour urine specimen 0.05 mg. (forma- 
tion from endogenous metabolites disregarded) ; androsterone, isolated with- 
out addition of carrier, m.p. 185-187°, 0.565 AD, calculated*® (0.565/0.706 
xX 100) 80.0 per cent derived from testosterone-d administered; etiochol- 
anolone, isolated without addition of carrier, m.p. 143-150.5°, 0.571 AD, 
calculated® (0.571/0.706 100) 80.8 per cent derived from testosterone-d 
administered. 

The total amount of androsterone and etiocholanolone excreted was deter- 
mined from the remaining portion comprising 20 per cent of the total crude 
neutral ether extract. To this portion, 52.45 mg. of carrier androsterone 
and 62.07 mg. of carrier etiocholanolone were added, and the diluted mix- 
ture was separated in the usual manner to the a-ketosteroid stage. This 
was chromatographed on silica gel, and sublimation and recrystallization, 
as in the preceding experiments, afforded androsterone, m.p. 184-186°, 
containing 0.064 AD, and etiocholanolone, m.p. 150.5-152°, containing 
0.030 AD. 

From these results, it was calculated that on the day of the injection 
33.5 mg. of androsterone containing 0.565 AD were excreted. Of this 
amount, 80 per cent, or 26.8 mg., was derived from the testosterone-d 
administered and 6.7 mg. were produced from endogenous sources. Simi- 
larly, the total excretion of etiocholanolone was 17.2 mg. containing 0.571 
AD, of which 80.8 per cent, or 13.9 mg., was derived from the testosterone-d 
injected and 3.3 mg. were produced from endogenous sources. 

Day after Injection—The urine from this period was hydrolyzed as in 
the above experiment, and the crude neutral fraction (19.0 mg. of KS) 
was diluted with 50.25 mg. of carrier androsterone and 51.00 mg. of carrier 
etiocholanolone. The mixture was separated, and the a-ketosteroids were 
chromatographed on silica gel. From the appropriate eluates, androster- 
one was isolated after sublimation and recrystallization, m.p. 185-186°, 
0.061 AD. Etiocholanolone, m.p. 151-152°, 0.027 AD, was similarly ob- 


’ Androsterone-d and etiocholanolone-d derived from testosterone-d containing 
0.756 AD should have 0.706 AD on the assumption that no isotope was lost in the 
biochemical conversion. 
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tained. Without account of the endogenously produced metabolites, it 
was calculated, as in the preceding experiments, that during this 24 hours 
t.74 mg. of androsterone and 2.03 mg. of etiocholanolone were derived from 
the administered testosterone-d. 

Subject D (Normal Man, Age 22 Years). Day of Injection—The first 24 
hour urine collection, following the injection of 100 mg. of testosterone 
containing 0.671 AD, was processed precisely as for Subject C. The values 
are recorded in Table I. 

A’-Androstene-17-one—25.61 mg. of carrier, melting point of product 106°, 
contained the normal abundance of isotope. 

Androsterone, isolated without addition of carrier, m.p. 184—-186°, 0.428 
AD, was calculated* (0.428/0.626 100) as 68.4 per cent derived from the 
testosterone-d administered. 

Etiocholanolone isolated without addition of carrier, m.p. 149-152°, 0.424 
AD, was calculated‘ (0.424/0.626 < 100) as 67.8 per cent derived from the 
testosterone-d administered. 

The total excretion of androsterone and etiocholanolone was obtained from 
20 per cent of the crude neutral extract. The amounts of carrier added, 
52.45 mg. of androsterone and 62.07 mg. of etiocholanolone, were identical 
with those for Subject C. After chromatography, sublimation, and re- 
crystallization, androsterone, m.p. 184—186°, 0.032 AD, was obtained. 
Etiocholanolone, m.p. 150-152.5°, 0.015 AD, was obtained in the same 
manner previously described. 

From these results, it was calculated that on the day of injection 21.2 
mg. of androsterone were excreted, of which 68.4 per cent, or 14.5 mg., was 
derived from the administered testosterone-d, while 6.7 mg. were produced 
from endogenous sources. Similarly, 11.4 mg. of etiocholanolone were 
excreted and 67.8 per cent, or 7.8 mg., was derived from the testosterone-d, 
while 3.6 mg. were produced from endogenous sources. 

Day after Injection—The urine from this period was processed exactly 
as for Subject C, and the same quantitiesof carrier androsterone and 
etiocholanolone were added to the crude neutral fraction (27.3 mg. of KS). 
After chromatography of the a-ketonic fraction, androsterone, m.p. 184.5- 
186°, 0.046 AD, was obtained. Etiocholanolone, m.p. 151-152°, 0.030 AD, 
was isolated in the same manner. If the endogenous production of these 
metabolites for this day is disregarded, it was calculated that 4.0 mg. of an- 
drosterone and 2.56 mg. of etiocholanolone were derived from the adminis- 
tered testosterone-d during the second 24 hours after injection of the 
hormone. 

Subject E (Normal Male, Age 25 Years). Day of Injection—Following 


4 Androsterone-d and etiocholanolone-d derived from testosterone-d containing 
0.671 AD should have 0.626 AD. 
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the administration of 100 mg. of testosterone-d containing 0.756 AD, the 
first 24 hour urine collection (47.6 mg. of KS) was processed precisely as 
for Subject C. The values are recorded in Table I. 

A’-Androstene-17-one, isolated as in Subject C after the addition of 27.34 
mg. of carrier followed by sublimation and recrystallization, was a pure 
product, m.p. 105-105.5°, with the normal abundance of isotope. 

Androsterone, isolated without the addition of carrier, m.p. 184.5-187°, 
0.530 AD, was calculated’ (0.530/0.706 X 100) as 75.3 per cent derived 
from the testosterone-d administered. 

Etiocholanolone, isolated without the addition of carrier, m.p. 148-152°, 
0.554 AD, was calculated*® (0.554/0.706 x 100) as 78.4 per cent derived 
from the testosterone-d administered. 

The total excretion of androsterone and etiocholanolone was obtained from 
20 per cent of the crude neutral fraction in the manner described for Sub- 
ject C, including the amounts of carrier androsterone and etiocholanolone 
added. Androsterone, m.p. 184—186°, contained 0.042 AD, and etiocho- 
lanolone, m.p. 151.5-152.5°, contained 0.029 AD. From these data, it was 
calculated that on the day of injection 22.6 mg. of androsterone containing 
0.530 AD were excreted and of this amount 75.3 per cent, or 17.0 mg., was 
derived from the testosterone-d administered, while 5.6 mg. were produced 
from endogenous sources. The total excretion of etiocholanolone amounted 
to 17.2 mg. containing 0.554 AD, and of this amount 78.4 per cent, or 
13.5 mg., was directly produced from the testosterone-d administered, 
while 3.7 mg. were derived from endogenous sources. 

Day after Injection—The urine was processed exactly as for Subject C, 
including the amounts of carrier androsterone and etiocholanolone added 
to the crude neutral fraction (25.8 mg. of KS). Separation in the manner 
described yielded androsterone, m.p. 185-186°, 0.050 AD, and etiocholano- 
lone, m.p. 151-152°, 0.033 AD. From these results, if endogenous produc- 
tion of these metabolites is disregarded, it was calculated that 3.84 mg. of 
androsterone and 2.50 mg. of etiocholanolone had been derived from the 
testosterone-d. 


10 Mg. Experiments 


In each of these experiments the urine was processed in identical fashion 
save for the amount of carrier added. The urine was hydrolyzed by either 
Method A or Method B (3), continuously extracted with ether for 48 hours, 
and the neutral fraction was isolated. The KS for the neutral fraction is 
given in Table IT. At this stage, the neutral extract was divided into two 
portions, and carrier material was added to each. These separate portions 
were then fractionated by the methods which have been described, the 
a-ketonic fractions were chromatographed, and the eluates were examined 
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by infra-red spectrometry. Only those fractions which were uncontami- 
nated with other steroids as judged from the infra-red spectrum were 
combined. Each steroid was then sublimed in high vacuum; the sub- 
limate was recrystallized and analyzed for deuterium. The physical con- 
stants and the analyses of the products for each subject studied are pre- 
sented in Tables III and IV. 

Subject A, Experiment I. Day of Injection—The urine was hydrolyzed 
by Method A. The crude neutral fraction was divided into two equal 
portions; to one, 32.36 mg. of carrier A?-androstene-17-one, 32.0 mg. of 


TABLE IIT 
Products Isolated after Administration of 10 Mg. of Testosterone-d to Normal Men 

















Androsterone Etiocholanolone A*-Androstene-17-one 
Sub- | Experi- | pay : ee aii a 
ject ment No. oa eee 

M.p. AD M.p. AD M.p. AD 
c. C. *C. 
A | I | 1 185 -186 0.072 | 150.5-152 0.055 | 105 -108 0.008 
2 185 -186 0.004 | 150 -152 0.011 

II 1 | 185 -186 0.071 | 153 -154.5 | 0.068 | 105 -107.5 | 0.013 

| 2 185 0.006 | 151 0.013 
‘ III | 1 185.5-186.5 | 0.072 | 151 -152 0.052 | 105.5-107 0.002 

2 185 -186 0.004 | 150 -151 0.006 
B 1 | 185 -186 | 0.087 | 150 -152 | 0.076 | 105.5-106.5 | 0.006 

| 2 186 . 5-187 | 0.005 | 147 -151 0.003 | 105.5-106.5 0.002 
C 1 185 -186 | 0.288 | 151 -152 0.108 | 105 -107 | 0.011 

} 2 178 -182.5 | 0.025 | 151 -152 0.008 
D | 1 185.5-186 0.220 | 151 -152.5 | 0.103 | 105.5-107.5 | 0.006 

| 2 181.5-183 0.015 | 151 0.011 
E | 1 184 -185 0.249 | 152 -154 0.100 | 106 -107.5 | 0.004 

2 184 -185 0.021 | 151 -152 0.012 











carrier etiocholane-3 ,17-dione, and 30.01 mg. of carrier androsterone were 
added. To the other portion, 33.40 mg. of carrier androstane-3 , 17-dione 
and 90.20 mg. of carrier etiocholanolone were added. 

Day after Injection—To the total neutral fraction, 21.57 mg. of carrier 
androsterone and 26.08 mg. of carrier etiocholanolone were added. 

Subject A, Experiment II. Day of Injection—The urine was hydrolyzed 
by Method A. The crude neutral fraction was divided into two unequal 
portions. To one of these, corresponding to 75 per cent of the crude neu- 
tral extract, 25.51 mg. of A*-androstene-17-one, 20.38 mg. of androstane- 
3,17-dione, and 43.15 mg. of androsterone were added. To the other 
portion, corresponding to 25 per cent of the crude neutral fraction, 20.49 
mg. of etiocholane-3 , 17-dione and 31.57 mg. of etiocholanolone were added. 
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Day after Injection—To the crude neutral fraction 25.12 mg. of andros- 
terone and 25.50 mg. of etiocholanolone were added. 

Subject A, Experiment III. Day of Injection—The urine was hydro- 
lyzed by Method B. The crude neutral extract was divided into two un- 
equal portions. To that portion corresponding to 75 per cent of the neutral 
extract, 25.51 mg. of A?-androstene-17-one, 20.38 mg. of androstane-3,17- 
dione, and 43.15 mg. of androsterone were added. To the portion corre. 
sponding to 25 per cent of the neutral extract, 20.49 mg. of etiocholane-3, 
17-dione and 31.57 mg. of etiocholanolone were added. 

Day after Injection—To the crude neutral fraction 25.12 mg. of carrier 
androsterone and 25.50 mg. of carrier etiocholanolone were added. 

Subject B (Normal Male, Age 27 Years). Day of Injection—The urine 
was hydrolyzed by Method A. The crude neutral extract was divided into 


TABLE IV 


Products Isolated after Administration of 10 Mg. of Testosterone-d to Normal Men 


| 
Androstane-3, 17-dione 





Etiocholane-3, 17-dione 


Subject ee Day 
M.p AD | M.p. AD 
A I 1 132-134 0.011 | 132-133 .5 0.004 
= II 1 130-133 0.01 136-137 0.014 
II] 1 130-133 0.008 123-127 0.009 
b 1 132-133 0.007 130-133 0.005 
7; 9 


132-133 0.004 131-133 0.001 


two equal portions. To one, 29.65 mg. of androstane-3 ,17-dione and 32.92 
mg. of androsterone were added. To the other, 33.17 mg. of A?-androstene- 
.17-one, 32.83 mg. of etiocholane-3 ,17-dione, and 29.91 mg. of etiocholan- 
olone were added. 

Day after Injection—The crude neutral extract was divided into two 
equal portions. To one, 31.24 mg. of androstane-3 ,17-dione and 30.04 mg. 
of androsterone were added. To the other half were added 42.44 mg. of 
A*-androstene-17-one, 28.30 mg. of etiocholane-3 ,17-dione, and 31.44 mg. 
of etiocholanolone. 

Subject C. Day of Injection—The urine from the Ist day was hydrolyzed 
by Method B, and, to the total crude neutral extract, 25.89 mg. of A’ 
androstene-17-one, 25.34 mg. of androsterone, and 30.79 mg. of etiocholano- 
lone were added. 

Day after Injection—The urine was processed as described for the day 
of injection and to the total crude neutral fraction, 25.12 mg. of andros- 
terone and 25.50 mg. of etiocholanolone were added. 
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Subject D. Day of Injection—The experiment was an exact duplication 
of that described for Subject C, including the amount of carrier material 
added on both the day of injection and the day after injection. 

Subject E. Day of Injection—This experiment was an exact duplicate 
of those described for Subjects C and D, including the amount of carrier 
added and the method of hydrolysis for both the day of injection and the 
day after injection. 

DISCUSSION 

One of the most important problems of hormone metabolism is a quan- 
titative one concerned with the percentage recovery of a given dose ad- 
ministered by any of a number of possible routes. It can be seen from 
Table I that following 100 mg. of testosterone, given intramuscularly in 
oily solution, two metabolites together, androsterone and etiocholanolone, 
in the first 24 hours account for from 22 to 41 per cent of the amount ad- 
ministered. From Table II, it can be seen that after 10 mg. of testosterone 
similarly administered, 36 to 51 per cent was recovered in the first 24 hours 
following the injection.’ In both series of experiments relatively little 
was excreted in the succeeding 24 hours. Thus, in the 100 mg. experi- 
ments from 5.8 to 6.8 per cent was recovered in the form of androsterone 
and etiocholanolone, while in the 10 mg. experiments 1.0 to 3.4 percent was 
obtained. The total recovery of metabolites was thus very similar to that 
obtained in the isolation experiments of Dobriner and Lieberman (5) after 
the intramuscular injection of 4.05 gm. of testosterone in oil solution during 
45 days. The isotopic experiments, however, were made with smaller 
doses of physiologically active hormone and involved no presumption about 
the effect upon endogenous production. Moreover, it should be empha- 
sized that the quantitative nature of the recovery is independent of the 
total amount of product isolated, since the calculation of yield was based 
upon isotopic dilution. With these facts in mind the interpretation of 
variations in quantity and kind of steroid can be critically considered. 

The divergence in recovery of the major metabolites from one subject 
to the other is somewhat surprising and can be variously construed. It 
would obviously be desirable to decide whether these differences reflect 
disparity in rate or amount of absorption from the site of injection or are, 
perhaps, indications of a fundamentally different pattern of hormone me- 
tabolism and excretion. It could be suggested, since the endogenous pro- 
duction of each subject was very similar, that the variable recovery was the 
result of slow and incomplete absorption. If this were the case, however, 
it would be reasonable to expect a larger excretion on the 2nd day. This 
did not occur, as evidenced by Subject D with whom the Ist day’s recovery 


5 A?-Androstene-17-one is calculated as androsterone. 
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was the lowest of the series, while his excretion during the 2nd day was 
strictly comparable to that of all the other men. From the experimental 
results it would appear that these variations are characteristic of the in- 
dividual, since Subject D showed the lowest recovery from both the 100 
mg. dose and the 10 mg. dose. Subject E was intermediate between the 
highest and lowest recovery in both experiments, while Subjects A and C 
showed the highest recovery after both the 100 mg. and 10 mg. injections, 
Since these experiments were well spaced from each other and since the 
isolations and analyses were performed at different times, the fact that 
there is such good agreement between the two series dissociates the results 
from coincidence and points to an inherent capacity on the part of the 
individual to transform and eliminate these hormonal end-products accord- 
ing to a definite pattern. 

It is apparent without exception that the percentage of metabolites ob- 
tained was higher after the administration of 10 mg. than after 100 mg,, 
both during the Ist day after injection and in so far as the total percentage 
recovered in both days. The average recovery in 48 hours of both an- 
drosterone and etiocholanolone for all experiments following the adminis- 
tration of 10 mg. was 49 per cent; following 100 mg. of testosterone, the 
recovery was 39 per cent. This difference in the amount excreted is more 
clearly evident if the individual subjects are compared with their own re- 
sponse on the two dose levels. It is then seen that each subject excreted a 
larger proportion of the smaller dose. This is particularly interesting upon 
consideration of the vehicle in which the hormone was given. It is evident 
that absorption was relatively good from the intramuscular depot and, 
despite the rather large volume of oil in relation to the steroid, that the 
release of the hormone to the tissues and body fluids was an efficient proc- 
ess. The metabolism of the small and large dose of testosterone was es- 

_sentially identical in each of the subjects. This fact in conjunction with 
the lower recovery from the large dose would suggest that a metabolic 
route other than conversion to androsterone and etiocholanolone is favored 
when large amounts of testosterone are given. This result is at variance 
with the experiments of West et al. (6) who regained 62 and 70 per cent as 
metabolites, based upon the Zimmermann color applied to crude hydroly- 
sates, following intravenous injection of 160 to 180 mg. of testosterone. 
This question is dealt with more fully in the following report. The impli- 
cations of the incomplete recovery, regardless of the mode of administra- 
tion, must be explored by more sensitive methods than are possible with 
deuterium as the tracer isotope. 

From the data in Tables I and II, it isclear that very little if any testos- 
terone is converted to a §-ketosteroid. While this fraction has not been 
examined in detail, the total amount of ketone present is so small as to 
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preclude the possibility of any considerable amount of the metabolite in 
this fraction. Similarly, while the non-ketonic fraction has not been in- 
vestigated thoroughly, it is known from unpublished investigations in 
these laboratories that relatively little radioactivity appears in the non- 
ketonic fraction following the administration of testosterone-4-C'. In the 
present study, in one subject (Subject A), only 0.82 mg. of etiocholane- 
3a,176-diol was recovered after administration of 100 mg. of testoster- 
one-d. 

The amount of the two diketones, androstane-3 ,17-dione and etiocho- 
lane-3 ,17-dione, is relatively small in comparison with the production of 
androsterone and etiocholanolone. It has been generally assumed (1), 
largely on grounds of chemical similarity, that these two compounds are 
intermediates in the formation of the two principal metabolites. Atten- 
tion should nevertheless be drawn to the possibility that the excretory 
products in urine are formed by oxidation of etiocholanolone and andros- 
terone rather than as intermediates. It is noteworthy that with Subject 
A the total amount of the two diketones obtained after the administration 
of 10 mg. of testosterone was very nearly identical with the total amount 
obtained after the administration of 100 mg. of testosterone; there was 
certainly no 10-fold difference in amount. The amount of deuterium pres- 
ent in the analytical samples was small and for this reason undue emphasis 
is unwarranted. In so far as one can draw conclusions from the small 
amounts of these two products, it appears probable that they are not prom- 
inently related to either potential precursor and do not contribute sig- 
nificantly to the total balance of the testosterone metabolites. 

The interrelation of androsterone and etiocholanolone as metabolites of 
testosterone and, in particular, the ratio of the one substance to the other 
are extremely puzzling problems which emerge from these results. If we 
consider Subjects A and C, who on the Ist day excreted nearly identical 
quantities, namely 37 and 41 per cent of the 100 mg. dose, in the form of 
androsterone and etiocholanolone, it is at once evident that these two men 
exhibited an almost exactly reversed pattern of metabolism. Thus, Sub- 
ject A converted 26 mg. to etiocholanolone, while Subject C converted 26 
mg. to androsterone. Expressed in the ratio of androsterone to etiocho- 
lanolone, that for Subject A was 0.4, while for Subject C it was 2.0. These 
ratios for all the subjects are given in Table V, from which it is evident that 
not only was there a remarkable similarity in this value for both the large 
and the small dose but also that the metabolic transformation of the injected 
hormone closely paralleled the production of these two metabolites from endog- 
enous sources. 

The most obvious conclusion about the difference in the androsterone- 
etiocholanolone ratio exhibited by Subject A, in comparison with the other 





860 TESTOSTERONE-d IN NORMAL MEN 


three men, is that it is a result of the difference in age. The greater trans. 
formation of testosterone to the androgenically active compound, andros- 
terone, by the three younger subjects might be considered to reflect a more 
efficient “utilization” of this hormone in that the quantity of biologically 
active steroids circulating at any given time through the tissues would be 
greater in these men than in Subject A. This is, of course, a permissible 
interpretation of the results. But if this explanation is accepted, it js 
difficult to see why the total production from endogenous sources is so 
nearly identical in all the men and why the injected compound is metabo- 
lized identically with the glandular production. It is far more likely that 
the difference between individuals disclosed by these results is a metabolic 
pattern characteristic of the subject. The fact that the three 10 mg. ex- 


TABLE V 


Androsterone-Etiocholanolone Ratio in Humans, Measured by Conversion of Exogenous 
Hormone and Endogenous Production 





Androsterone 
Etiocholanolone 





Subject BS EN ES 
| 100 mg. experiment 10 mg. experiment Endogenous 
A 0.4 0.5 0.3 
B 1.4 
C 2.0 2.4 2.0 
D 1.8 1.9 1.9 
E 1.3 2.2 1.5 





periments with Subject A are in such good agreement with respect to both 
quantitative recovery and the ratio of metabolites is excellent evidence for 
this view. The unexpected findings reported in the following communica- 

‘ tion interpose serious difficulties for a simple interpretation of the signifi- 
ance of this ratio. 

The endogenous production of testosterone was apparently not sup- 
pressed on the day when 100 mg. of this substance were injected. The 
total excretion of androsterone and etiocholanolone by all four subjects 
was very close to 10 mg. per 24 hours, a value which is considered normal 
for these men. Control values are available for Subject A in three periods 
spaced over more than a year. His daily production of androsterone aver- 
aged 2.7 mg. (1.8, 2.9, and 3.5 mg. per 24 hours for the separate periods), 
and his daily production of etiocholanolone averaged 8.0 mg. (4.9, 8.9, and 
10.1 mg. per 24 hours for separate periods). The close agreement between 
his average daily production and the endogenous metabolites on the day 
of injection is evidence that the administered hormone did not seriously 
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interfere with production or alter the fate of the precursors of androsterone 
and etiocholanolone from whatever source. On the other hand, in this 
same subject, it is probable that on the day following this dose of testos- 
terone there was a diminution in the glandular production of these two 
metabolites. Thus, on the 2nd day, the androsterone excretion fell to 2 
mg. and etiocholanolone to 5.7 mg. While the difference is small and 
within the range of one of his control periods, it is suggestive when com- 
pared to the previous day’s excretion. This problem requires further ex- 
ploration of a more detailed nature than was possible in this investigation. 


SUMMARY 


The transformation and fate of testosterone-d administered intramus- 
cularly in an oily vehicle was studied in normal men at two dose levels. 
The principal excretion of isotopic metabolites occurred during the first 
24 hours after administration and relatively little was recovered during 
the 2nd day. Androsterone and etiocholanolone were the chief metabo- 
lites and the recovery of these products varied with the dose. A greater 
percentage was recovered after a single injection of 10 mg. than after 100 
mg. The larger dose did not alter the excretion of metabolites from endog- 
enous sources on the day of injection. The significance of the ratio of 
androsterone to etiocholanolone was discussed. 
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THE FATE OF TESTOSTERONE INFUSED 
INTRAVENOUSLY IN MAN* 
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(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, July 24, 1953) 


This report describes the results obtained in two experiments with human 
subjects when small doses of testosterone dissolved in saline solution con- 
taining human serum albumin were given slowly by the intravenous route. 
The preceding paper (1) described the metabolism of testosterone after 
intramuscular injection. Since the rate of absorption of the steroid hor- 
mone from an oily depot can only be inferred, the intravenous experiments 
were a logical and necessary extension of the investigation. The physio- 
logical response as measured by nitrogen retention is reported to be differ- 
ent for the two routes of administration (2), and it was therefore desirable 
to determine whether the metabolic transformation and excretion of the 
steroid were altered by the manner of administration. Of perhaps still 
greater importance, it was possible to estimate the glandular production of 
testosterone by comparison of the metabolites normally excreted by a par- 
ticular subject with the amount obtained from a small dose of the hormone 
slowly infused in excess of the glandular secretion. Finally, it was possible 
to demonstrate by means of testosterone labeled with both C™ and H? 
that the metabolic fate of both isotopes was identical and thus confirm 
the conclusions derived from experiments with one isotope. 


EXPERIMENTAL 


Testosterone-d (Subject A)—A sterile microcrystalline suspension of 23.1 
mg. of testosterone-d (2.82 AD") in 1 ml. of water was prepared by agitat- 
ing the steroid with a trace of Tween 80. After a few days, approximately 
10 ml. of 25 per cent of human serum albumin and 1 ml. of a solution of 
penicillin G were added and the mixture was agitated for 6 days; solution 
was complete at this time. The solution was passed through a Seitz filter 
and washed through with 200 ml. of sterile saline solution containing 


*The authors gratefully acknowledge the assistance of grants from the Teagle 
Foundation, the American Cancer Society (on recommendation of the Committee on 
Growth of the National Research Council), the Commonwealth Fund, the Anna 
Fuller Fund, the Lillia Babbitt Hyde Foundation, and the National Cancer Institute 
of the National Institutes of Health of the United States Public Health Service. 

t Died March 10, 1952. 

1The symbol AD signifies atom per cent excess deuterium. 
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200,000 units of penicillin G, with no attempt to effect quantitative trang. 
fer. The solution was diluted to approximately 2 liters with sterile physio. 
logical saline solution. 

The subject was a normal adult male (Subject A of the preceding paper), 
A total of 1.552 kilos of the solution containing 11.3 mg. of testosterone 
(2.82 AD) was infused into the antecubital vein over the course of 8 hours: 
approximately 150 ml. were introduced during the first 2 hours, about 650 
ml. during succeeding 3 hours, and approximately 750 ml. during the fina] 
3 hours. The remainder of the infusion solution was reserved for the analy- 
sis of testosterone-d content. 

Testosterone-d-4-C* (Subject F, Male, Age 51 Years, Aplastic Anemia)— 
2.739 mg. of testosterone-4-C™ (679,000 c.p.m. per mg.) and 21.20 mg. 
of testosterone-d (2.82 AD) were mixed by solution in acetone and evapora- 
tion of the solvent. The hormone (77,900 c.p.m. mg.; 2.50 AD) was heated 
at 100° under diminished pressure for 25 minutes. With sterile precau- 
tions, 10 ml. of 25 per cent human serum albumin and a small amount of 
aureomycin were added. The mixture was shaken for 2 days. The so- 
lution was then filtered through a sterile filter and washed through with 
saline solution. The filtrate was diluted to 2 liters with saline solution and 
200,000 units of penicillin G were added. The total weight of solution was 
2.060 kilos. During a period of 4 hours, 1.687 kilos of this solution con- 
taining 16.6 mg. of testosterone based on the deuterium analysis, or 15.5 
mg. of testosterone based on the C" analysis, were infused intravenously, 

Analysis of Infusion Solution for Isotopic Testosterone—A weighed por- 
tion of the infusion solution was extracted continuously with ether to which 
a known amount of carrier testosterone had been added. The ether extract 
was washed with water and dried over sodium sulfate. After removal of 
the solvent, the residue was sublimed and recrystallized from acetone- 
petroleum ether. The details of the analyses are given in Table I. The 
amount of testosterone in the infusion solution was calculated from the 
following equation. 





(WX) 100 
~ ¥(Z— X) 
V = weight (mg.) of isotopic testosterone per 100 gm. of infusion solution 
W = weight (mg.) of carrier testosterone added 
X = AD or counts per minute per mg. of testosterone isolated 
Y = weight (gm.) of solution analyzed 
Z = AD or counts per minute per mg. of isotopic testosterone administered 


Isolation of Urinary Steroids—The urine obtained from Subject A during 
the first 24 hours following the initiation of the intravenous injection was 
processed in three portions for the time intervals shown in Table II. The 
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| 
| 
ns- | yrine from the second 24 hours following the initiation of the infusion was 
10- | processed as a single collection. 
r), Tas.e I 
ne Analysis of Testosterone-d and Testosterone-d-4-C in Infusion Solution 
TS; Subject A Subject F 
50) 
val Portion 1 Portion 2 Portion 1 Portion 2 
ly- é' 5 
7 Infusion solution (Y), 
qm. 222 315 146 227 
fai Carrier testosterone (W), 
1g. mg. 17 82 56.22 17 .96 59.50 
“a- Diluted testosterone 
ed M.p., °C. 154-155 153 .5-154.5 151-154 152-154.5 
€2410 15,700 15 ,600 
a AD (X) 0.092 0.111 0.073 0.090 
of C.p.m. per mg. (X) 2,080 2,690 
0- ‘ ° 
th Isotopic testosterone in 
id 100 gm. infusion solu 
. tion (V), mg. 0.724 0.730 0.988" 0.979* 
as 0.901t 0.937t 
n- = 
5 * Calculated from deuterium analysis. 
y. + Caleulated from C"™ analysis. 
r- Tasie II 
h Urinary Excretion of Androsterone and Etiocholanolone after Intravenous Infusion 
ct of 11.3 Mg. of Testosterone-d in Subject A* 
. Pet tcnas . piticcalnd tani. <i annae ——— 
f Period No. 1 2 3 4 Total 
e- Time, Ars. 0-5 5-9 9-24 2448 = 
1€ * iacig 
1e Androsterone 0.55 1.21 0.45 0.07 2.28 
Etiocholanolone 0.90 1.53 0.76 0.15 3.34 
Total 1.45 2.74 1.21 0.22 5.62 
, Androsterone 0.61 0.79 0.59 | 0.47 | 0.68 
Etiocholanolone | | 
*Calculated from isotopic dilution; endogenous production disregarded. Per- 
iods 1 and 2 encompass the time of infusion. The results are in mg. of the product 
isolated. 
The urine from Subject F during the first 24 hours was processed in four 
¢ . o . . . mn rt 
g portions for the time intervals shown in Table III. That from the second 
IS 24 hours following the initiation of the infusion was processed as a single 
e collection. 
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Both urines were hydrolyzed by Method B (3) (see the foot-note tg 
Table III). Carrier androsterone and etiocholanolone in the amounts 
shown in Tables IV and V were added to the ether used for the Extract 
A. Since Extract B from Subject F had so little radioactivity, it was not 
further processed; Extracts A and C were combined and fractionated by 
the procedures described in the preceding report (1). The analytical sam- 
ples of the urinary steroids were sublimed and recrystallized to constant 


TaB.e III 
Distribution of Radioactivity Following Intravenous Infusion of 1,200,000 C.p.m. As 
Testosterone-d-C' in Subject F 














Se ee Cae Xe 1 2 3 4 5 

ME a Kiiwasceceanniowern enw 0-5 5-8.5 8.5-12 | 12-24 24-48 
— | | wal 

c.p.m. c.p.m. | c.p.m. | c.p.m. c.p.m. 

Neutral Extract A........ 178,000 | 72,500 | 12,300 14,000 | 25,000 

“ a eam | 187,000 | 46,000 | 32,000 | 48,000 | 61,000 

a a ae 4,200 3,000 1,000 | 1,000 | 4,100 
Se ....-| 5,100 2,400 1,500 2,400 | 

Phenolic..................]| 2,000 500 100 0 | 0 

Ketonic (A + C)......... 373,000 114,000 | 45,000 | 57,000 | 78,000 

Saponified ketonic......... | 97,000 42,000 | 58,000 | 74,000 

Non-ketonic......... ....| 20,000 | 22,000 9,200 11,000 10,000 

a-Ketonic...... Aan 77,000 | 33,000 | 54,000 | 69,000 

eMabenis..........<..+0. 3,400 3,000 | 1,900 | 2,200 | 3,700 





Neutral Extract A was obtained by acidification of the urine to pH 1 and con- 
tinuous extraction with ether for 48 hours; neutral Extract B was obtained by acidi- 
fication of the urine after Extract A to 5 per cent sulfuric acid, volume for volume, 
heating under reflux for 30 minutes, cooling, and continuous extraction with ether 
for 48 hours; neutral Extract C was obtained from the acidic fraction from Extract 
A by the same acid hydrolysis procedure described for Extract B. In each extract 

_ the neutral, acidic, and phenolic fractions were obtained by methods previously 
described (3). 





melting point; the physical constants and isotopic content are given in 
Tables IV and V. 

Other a-Ketosteroids® (Period 1, Subject F)—From the early portion of 
the chromatogram of the a-ketonic fraction (Period 1) the eluates contain- 
ing A*-androstene-17-one, androstane-3 ,17-dione, etiocholane-3 , 17-dione, 
and 38-hydroxyetiocholane-17-one were combined. Carrier steroids were 





2 The terms ‘‘a-ketonic fraction”’ and ‘‘a-ketosteroids”’ are used conventionally to 
indicate substances not precipitable by digitonin. Similarly, ‘‘8-ketonic fraction” 
and ‘‘8-ketosteroids”’ signify compounds that form insoluble digitonides. It is thus 
clear that such substances as A?-androstene-17-one, etiocholane-3,17-dione, and 
androstane-3,17-dione, which do not have hydroxyl groups in the molecule, are, 
nevertheless, found in the ‘‘a-ketonic fraction.” 
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te to | added (Table VI) and the mixture was rechromatographed. Etiocholane- 
munts | 3,17-dione and 36-hydroxyetiocholane-17-one were eluted together and 
tract + were separated by precipitation with digitonin. Each steroid was puri- 
S not 
d by TaBLe IV 
sam- Amount of Carrier Steroid Added and Physical Constants of Products Isolated in 
stant no Wid, Malina as Subject A = 

Androsterone Etiocholanolone 
Period No. ee 
tds a" | us | om |) AD 
— ei mg. oe — y mg. ri c. ¥ 
48 1 27 .28 185-186 0.052 50.87 | 152-154 | 0.046 
Nl 2 27 .28 185-186 | 0.112 50.87 | 152 0.077 
m. 3 27 .28 185-186 | 0.043 50.87 152-153 0.039 
00 4 25.58 185-186 0.007 24.68 | 152-153 0.016 
100 —— --— _——- —- 
L00 
TABLE V 
0 Amount of Carrier Steroid Added and Physical Constants of Products Isolated in 

100 Subject F 
100 ee | Se ee co 
00 Androsterone Etiocholanolone 
00 y Amount | — | ON, 7 | WO | 
00 j} —— ladded to M.p. tis | ap |added to Mp. pon od | AD 
PER. extract | extract | 
en 
me, 1 | 40.76 | 184 -185 i; 6890 | 0.185 | 44.10 | 151-152.5 | 3280 | 0.086 
ther | 184.5-185.5 | 6420 | 151-153 | 3080 | 
ract | | 151-153 3020 
ract 2 | 25.34 | 187 -188 2720 | 0.079 | | 26.39 | 151-152.5| 880 | 0.023 
usly 3 | 20.27 | 184 -187 | 1380 | 0. 039 22.00 | 151-152 | 550 =|: 0.016 

4 | 20.27 | 184 -186 1600 | | 0.045 22.00 151-152 | 1040 0.022 

5 | 22.60 | 185 -187 1110 | 0.032 | 22.56 | 150-152 1730 =| 0.049 
1 in 185 -186 1030 | 151-152.5 | 1710 
of . fied by sublimation and recrystallization. The results are recorded in 
un- | Table VI. 
wah 6-Ketosteroids (Subject F)—The 8-ketonic fractions from Periods 1 to 4 
- (24 hours of the day of injection) were combined and recounted (9000 
y to c.p.m.). 41.44 mg. of isoandrosterone and 44.89 mg. of dehydroisoandros- 
on” terone acetate were added. The mixture was acetylated with pyridine 
= and acetic anhydride and was then treated with excess perbenzoic acid in 
- benzene at room temperature overnight. The reaction product was chro- 


matographed on silica gel. The eluates containing isoandrosterone ace- 
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tate were combined, sublimed, and recrystallized three times from metha. 
nol. Isoandrosterone acetate, m.p. 105-105.5°, was obtained with specific 
activity of 101 c.p.m. per mg. Saponification and recrystallization gaye 
isoandrosterone, m.p. 171-172°, specific activity of 123 ¢.p.m. per mg,, 
corresponding to 108 c.p.m. per mg. for the acetate (total activity 5109 
¢.p.m or 57 per cent of the total radioactivity found in the @ fraction), 

The eluates containing 38-acetoxy-5a,6a-epoxyandrostane-17-one were 
combined and recrystallized from methanol and from acetone; the epoxide, 
m.p. 227.5-228.5°, was devoid of radioactivity. 


TaBLe VI 
Urinary Excretion of Ketosteroids Other Than Androsterone and Etiocholanolone 
during Period 1 Following Intravenous Infusion of Testosterone-d-4-C in 
Subject F 








Constants of product isolated Amount recovered* 
Amount 
Carrier steroid added to |~ 
extract Specific Miia Pe t 
M ts Pe tiv ity Total pe 
me <. ame“ mS.) cpm. | mg. 
A?-Androstene-17-one 37.17 | 104-107 19 710 | 0.01 0.06 
Androstane-3,17-dione......... 417.00 | 131-133 49 | 2300 | 0.03 0.19 
Etiocholane-3,17-dione........ 47.08 132-134 | 12 | 570 | 0.01 | 0.06 
38-Hy droxyetiocholane- 17- onet.| 2.07 | 150-153 1.7} | 70 | 


* From injected testosterone vale: endogenous production disregarded. 
t a-Ketonie fraction only. 
t Gas count corrected to solid count. 


The bulk of the remaining activity of the 8 fraction was eluted from the 
chromatogram after 38-acetoxy-5a ,6a-epoxyandrostane-17-one; total ac- 
. tivity, 2900 ¢.p.m. or 32 per cent of the 8 fraction (0.2 per cent of the in- 
jected dose). 

Fecal Steroids—The feces were collected from Subject F for 3 days after 
the infusion. Each day’s collection was suspended in water, continuously 
extracted with ether for 96 hours, and the extract (A, Table VII) was 
counted. The residual fecal suspension was then acidified to pH 1, re- 
extracted with ether, and the extract (B, Table VII) was counted. The 
suspension was acidified to 5 per cent by volume with sulfuric acid and 
then boiled for 30 minutes, reextracted, and the extract (C, Table VI) 
counted. 

The ether Extracts B and C from the 3rd day were separately saponi- 
fied with aqueous alcoholic base at room temperature for 1 hour. Each 
non-saponifiable fraction was extracted with ether, and the solvent was 














remo’ 
petro! 
extras 
3500 
9800 
solub 
and | 
mg. ' 
(23,9 
Th 
stero 
186°, 
ditio 


Radi 


wer 
aler 
the 
spe 
the 


val 


Sef 
noi 


tai 
nu 


res 


co 





netha- 
Decific 
L Save 
* Mmg., 
5100 
n). 

"Were 
oxide, 


lon e 

v 
——. 
-overed* 


er cent 
f dose 


).06 
).19 
).06 


a the 
| ac- 
e in- 


after 
usly 
was 
» Te- 
The 
and 
VIT) 
Oni- 
tach 
was 





FUKUSHIMA, BRADLOW, DOBRINER, AND GALLAGHER 869 


removed. The residues were partitioned between 70 per cent ethanol and 
petroleum ether, and each fraction was counted. The petroleum ether 
extract from Extract B was devoid of radioactivity; that of Extract C had 
3500 c.p.m. The 70 per cent ethanol-soluble material from Extract B had 
9800 c.p.m., while there were 14,300 c.p.m. in the 70 per cent ethanol- 
soluble material of Extract C. The alcoholic solutions from Extracts B 
and C were combined, and 50.16 mg. of carrier androsterone and 46.49 
mg. of carrier etiocholanolone were added. The mixture was recounted 
(23,900 c.p.m.) and chromatographed on silica gel. 

The eluates containing androsterone were combined, sublimed, and the 
steroid was recrystallized twice from acetone-petroleum ether, m.p. 184— 
186°, 33 ¢.p.m. per mg. The specific activity was constant for three ad- 
ditional recrystallizations. Since 50.16 mg. of carrier were added, there 


Taste VII 


Radioactivity in Fecal Extracts Following Intravenous Infusion of Testosterone-d-4-C'* 
in Subject F 
The results are in counts per minute of C4, 








Extract A Extract B Extract C 
Day of injection 0 | 0 0 
2nd day... 5200 2500 3,400 


ard“ 3200 7700 17 ,000 





were 1700 total counts present in Extracts B and C as androsterone (equiv- 
alent to 0.021 mg. of injected testosterone). 

The eluates containing etiocholanolone were combined, sublimed, and 
the steroid was recrystallized four times to constant melting point and 
specific activity of 40 c.p.m. permg. Since 46.49 mg. of carrier were added, 
there were 1900 total counts in Extracts B and C as etiocholanolone (equi- 
valent to 0.024 mg. of injected testosterone). 

The eluates following etiocholanolone (9900 ¢c.p.m.) were combined and 
separated by means of Girard’s Reagent T into ketonic (2100 c.p.m.) and 
non-ketonic (7200 c.p.m) fractions. These were not further investigated. 

Isotopic Analysis. Radioactivity—A known volume of a solution con- 
taining the extract or compound to be measured was evaporated on alumi- 
num planchets. In most instances the amount of material was in the “‘in- 
finitely thin” range; when larger amounts were used, the results were cor- 
rected to an infinitely thin layer by the data of Yankwich and Weig] (4). 
The samples were counted in internal flow gas counters, and sufficient 
counts were taken to obtain an accuracy of +5 per cent. Samples of low 
specific activity were oxidized by the procedure of Van Slyke and Folch 
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(5), and the radioactivity of the carbon dioxide was measured by the pro- 
cedure of Ejidinoff (6). 

Deutertum—The analytical procedure for this isotope is described in the 
preceding report (1). 


DISCUSSION 


Testosterone was rapidly metabolized and excreted after intravenous in- 
fusion. When testosterone was doubly labeled, the radioactivity during 


the first 24 hours (Table ITI, Periods 1 to 4) was 50 per cent of the adminis. | 


tered dose, recovered from the urine as crude, ether-extractable, neutral 
metabolites. On the 2nd day of the experiment (Period 5), only an addi- 
tional 7 per cent of neutral radioactive metabolites was obtained. The 
rapid excretion of the hormone metabolites is illustrated by the fact that 
of the total radioactivity eliminated on the 1st day 62 per cent was re- 
covered during the period of infusion (Period 1). The experiment with 
singly labeled testosterone-d showed essentially the same rapid elimination 
of the hormone metabolites (Table II). Similar results were obtained after 
massive doses of testosterone by West et al. (2) who followed urinary 17- 
ketosteroid excretion by the Zimmermann color reaction. These authors 
reported a small secondary rise in the urinary 17-ketosteroids on the 4th 
to the 8th day after intravenous injection of testosterone. In our radio- 
active experiments with this hormone, the urinary excretion of testosterone 
metabolites had dropped to very low levels by the 3rd day and negligible 
amounts were obtained thereafter. There was no indication of a second- 
ary rise in radioactivity. The difference may be a consequence of the 
large amount of hormone injected by West et al. in contrast with the small 
amount used in our studies. The neutral fraction accounted for nearly 
all of the radioactivity in the urine; the acidic and phenolic fraction had 
_ almost negligible radioactivity. The distribution of the radioactivity in 
the various subfractions of the urinary extracts is illustrated in Table III. 
The bulk of the activity was found in the a-ketonic fraction, and very little 
was present in the 8-ketonic fraction; only a small amount was found in 
the non-ketonic fraction. These results are in good agreement with those 
of the long term experiments reported by Dobriner and Lieberman (7) 
and with those in the previous paper when testosterone-d was given intra- 
muscularly. 

Since the urine contained only about 60 per cent of the C“ administered, 
stools and respiratory carbon dioxide were examined for radioactivity. 
Only about 5 per cent of the dose administered was found in the feces over 
3 days.’ The radioactivity did not appear in the feces until the 2nd day, 

3In other comparable experiments with radioactive testosterone, it has been 


found that, at most, 10 to 15 per cent of the total C administered is excreted in the 
feces during the course of 7 to 10 days. 
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and the major portion was found in the stools of the 3rd day (Table VII). 
Practically all of the activity in the feces of the 3rd day was found to be 
non-saponifiable material which could be partitioned into 70 per cent alco- 
hol from petroleum ether; there was negligible radioactivity in the acidic 
fraction. There was relatively little androsterone and etiocholanolone in 
the feces as judged from isotopic dilution and isolation; a fairly large frac- 
tion was non-ketonic, and the remainder of the radioactivity was distrib- 
uted over many fractions of the chromatogram. 

Samples of expired air were collected from Subject F several times after 
administration of testosterone-4-C“. There was no significant activity in 
any of the samples, a result to be expected from the very great dilution 
that would occur were even a large fraction of C-4 of testosterone com- 
pletely oxidized to carbon dioxide. 

It is now firmly established that androsterone and etiocholanolone are 
the chief metabolites of testosterone in man, all other products in the urine 
representing but a minor fraction of the total excreted. Thus the recovery 
as androsterone and etiocholanolone was 48 per cent of the administered 
dose in both intravenous experiments (Tables II and VIII), in excellent 
agreement with the recoveries demonstrated after intramuscular injection 
of the hormone. In the intravenous experiments, during the period of in- 
fusion, 68 to 70 per cent of the total 24 hour output of androsterone and 
etiocholanolone was eliminated and the radioactivity isolated in these two 
metabolites accounted for 91 per cent of the total present in the urine ex- 
tracts. 

Although the total recovery of androsterone and etiocholanolone was 
the same after intramuscular or intravenous administration of testosterone, 
the ratio of androsterone to etiocholanolone differs with the two modes of 
administration. Whereas this ratio during the first 24 hours was approx- 
imately 0.4 in the intramuscular experiment with Subject A (1) as well as 
in his control period, it was higher, 0.7, when a similar amount of hormone 
was given intravenously. More significant is the continually changing an- 
drosterone-etiocholanolone ratio in both intravenous experiments (Tables 
II and VIII). In Subject A during Period 1 (Table II), this ratio was 
higher than his control value, increased still further in Period 2, and de- 
clined nearly to the endogenous value by the 2nd day. A more marked 
change in androsterone-etiocholanolone ratio was observed with Subject F 
(Table VIII). During the infusion period the ratio was 2.08, increased to 
3.4 in Period 2, and decreased until on the 2nd day there was more etio- 
cholanolone excreted than androsterone (ratio, 0.65). These changes in 
the type of ring fusion effected, consequent to the introduction of hormone 
in excess of glandular production, may provide an index of hormone trans- 
formation by one or another organ or tissue. Experiments designed to test 
these possibilities are in progress. 
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Some other ketosteroid metabolites of testosterone were studied in Periog 
1 of Subject F, and the results are reported in Table VI. The four com. 
pounds accounted for only 3600 c.p.m. out of 373,000 ¢.p.m. recovered iy 
Period 1 as ketonic metabolites, or less than 0.3 per cent of the total dose 
administered. In addition to these four substances, the 6-ketosteroids of 
the combined periods of the 1st day were studied in Subject F. Less than 
1 per cent of the dose administered was recovered in the 8 fraction (9009 
c.p.m.). It was found that isoandrosterone contained more than half (5100 


TaBLe VIII 


Recovery of Metabolites from Intravenously Infused Testosterone-d-4-C' in Subject F 





Androsterone Etiocholanolone 
' A elt ie ee, ae Androsterone 
E ioc 
: , Per cent dose Per cent dose Cocholanalans 
Period No. Calculated from injected Calculated from injected Calculated from 
calculated from | calculated from 
cu Dp | cw D cu D | D cu | p 
ea ae a ‘ re 
| me. mg. | 
1 | 3.61 23.3 1.85 11.9 
3.50 | 21.1 1.68 | 0. 97 2.0 
| 3.36* | °° | 01.7 1.71% | | 41 oe | 10-1 | 1-97 | 2.68 
2 10.88 | 0.89! 5.7 5.4° 0.30 0.2] 1.9 1.6! 2.93. 3.49 
3 | 0.36 0.34 2.3 2.1 | 0.16 0.15 1.0 0.9 | 2.25 | 2.% 
4 0.42 | 0.40 2.7 2.4 | 0.29 0.21; 1.9 1.3 | 1.45 | 1.90 
} é 
Total, 24 hrs.| 5.02 5.13 32.4 31.0 2.46 2.30 | 15.8 13.9 | 2.04 | 2.3 
¥ a x 
5 0.32 | | 2.1 0.50 | 3.2 
d ¢ 8 2.9 58 5 
| 9.298 | 0.31 | 1.9* 1.9 0.50* 0.48 | 3 98 0.58 | 0.65 





Total, 48 hrs.| 5.31 | 5.43 | 34.3 32.9 2.96 2.78 | 19.0 16.7 | 1.79 | 1.95 


* Value used for total recovery. 


c.p.m.) of this activity, and no activity was present in dehydroisoandros- 
terone. 

From the results obtained in this and the preceding study, it is possible 
to estimate the normal endogenous production of testosterone by man. 
If it is presumed that the slow and intravenous infusion of a small dose of 
testosterone simulates the normal secretion of the hormone by the testis, 
and, in addition, that testosterone production is essentially at a constant 
level throughout the 24 hour day, the experiment with Subject A can be 
used to calculate approximately his daily endogenous production of hor- 
mone. In the experimental period, 11.3 mg. of testosterone were infused 
during 8 hours and, of this 1.7 mg. or 16 per cent of the administered hor- 
mone was isolated as androsterone from the urine excreted during the first 
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9 hours of the experiment. If, then, the testosterone infused behaved simi- 
larly to the hormone secreted by the testis, approximately 16 per cent of 
the endogenously produced hormone should appear as androsterone in the 
urine during any given interval of time. From three separate earlier con- 
trol periods in this same subject, it was known that his daily excretion of 
androsterone averaged 2.7 mg., and, if this amount represented approxi- 
mately 16 per cent of his glandular production, the latter should be very 
close to 17 mg. per day. Since it can be shown that part, at least, of the 
urinary androsterone is derived from steroids other than testosterone, it 
follows that the daily production of 17 mg. is a maximal estimate, and there- 
fore the normal secretion is less than this figure by an unknown but prob- 
ably small amount. The credibility of this estimate is confirmed by the 
fact that it corresponds closely to the minimal quantity of testosterone nec- 
essary to induce a detectable response in nitrogen metabolism (8, 9). 

As anticipated, the calculation of daily testosterone production from the 
amount of etiocholanolone excreted yields a higher value than that ob- 
tained from androsterone. During the intravenous infusion, 2.43 mg., cor- 
responding to approximately 22 per cent of the hormone, were excreted as 
etiocholanolone. The average daily excretion of this metabolite by Sub- 
ject A was 8 mg., from which, on the same presumptions, it could be calcu- 
lated that there was a glandular production of about 36 mg. per day. Since 
it is clear that a considerable portion of urinary etiocholanolone is derived 
from adrenal precursors, the estimate is not so reliable as that obtained 
from androsterone; reasonable agreement between the two estimates lends 
conviction to the postulates advanced for the calculations. The estimate 
from either metabolite may be somewhat in error as a result of the changing 
ratio of these two compounds during the experimental interval, as was dealt 
with earlier in the discussion. It is therefore desirable to confirm these 
preliminary calculations by experiments similarly designed with tracer 
doses of hormone. Both estimates are inherently credible and, in view of 
the fact that they are maximal estimates, provide some measure of the 
upper limits of testosterone production by a normal man. 


SUMMARY 


After slow intravenous infusion of testosterone-d in a normal man and 
testosterone-d-4-C™ in a man with aplastic anemia, essentially similar re- 
covery of isotopic metabolites from the urine was obtained during several 
periods of the first 48 hours after injection. Androsterone and etiocho- 
lanolone were the principal metabolites. The ratio of these two products 
varied during and after the time of infusion. From the amount of exog- 
enous hormone converted to either androsterone or etiocholanolone, it was 
calculated that the daily production of testosterone by a normal man does 
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not exceed 36 mg. and that less than 17 mg. per 24 hoursis a more credible 
estimate. 


The infusions were made by Dr. Leon Hellman of this Institute, to 
whom we express our gratitude for his cooperation. We acknowledge with 
thanks the help of Dr. Maxwell Leigh Eidinoff for the measurement of 
radioactivity of carbon dioxide in the gas phase. 

The technical assistance of Shirley Dobriner with the isolation of the 
metabolites and the assistance of Josephine Leong and Milton Heffler with 
the analysis for deuterium are gratefully acknowledged. 

The authors wish to express their appreciation to the large group of de- 
voted research assistants and technicians who made much of the work 
possible. The routine chemical and chromatographic separations were car- 
ried out by a group under the supervision of Madeleine Stokem and Ruth 
Jandorek. The colorimetric analyses were under the supervision of Olga 
Teager. ‘The infra-red spectrometry was under the supervision of Fried- 
erike Herling. 
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FORMATION OF ASYMMETRICALLY 
LABELED GLUCOSE* 


By PER SCHAMBYEt ann HARLAND G. WOOD 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
3 University, Cleveland, Ohio) 


ann G. POPJAK 
(From the National Institute for Medical Research, London, England) 


(Received for publication, September 21, 1953) 


Cumulative experiments of many investigators have demonstrated that 
labeled CO2, carboxyl-labeled acetate, carboxyl-labeled intermediates of 
the glycolytic and tricarboxylic acid cycle, and fatty acids that give rise 
to carboxyl-labeled ‘“‘acetate” all yield 3,4-labeled glucose when fed to 
rats. 95 per cent or more of the tracer is present in these positions. From 
this fact stems much of the usefulness of the tracer distribution pattern of 
glycogen as an indicator of intermediary metabolism (1).!_ The fact that 
none of the fixed CO: was in the 1 and 6 positions led Wood et al. (2) to 
conclude that symmetrical 3-carbon compounds were not intermediates 
in the conversion of CO, to glycogen by the animal or in the bacterial 
degradation of the glucose. Dihydroxyacetone and its diphosphate ester 
were cited as intermediates that could be excluded. This was prior to the 
Ogston hypothesis (3) and its confirmation (4, 5), but these compounds 
can be excluded even when considered in terms of the Ogston hypothesis, 
since each compound has two planes of symmetry and thus cannot give rise 
to an asymmetrical distribution of tracer (6). Glycerol on the other hand 
possesses only one such plane and may be treated asymmetrically by an 

* Supported in part by a grant from the American Cancer Society and by the 
Elisabeth Severance Prentiss Foundation of Western Reserve University. The C'™ 
was obtained on allocation from the Atomic Energy Commission. 

t Fulbright Traveling Fellow. Present address, Department of Special Pathology 
and Therapy, The Royal Veterinary and Agricultural College, Copenhagen, Den- 
mark. 

'The assumption is made in such studies that the tracer will be confined to the 
3,4 positions if carboxyl-labeled intermediates alone are formed, and that, when the 
1,2,5,6 positions are labeled, other types of labeled intermediates occur. In this 
latter case a comparison of the 1,6 and 2,5 positions gives an indication of the label- 
ing in the intermediates. ‘‘Formate’’ is known to enter positions other than the 3 
and 4 carbons. Very likely other carboxyl-labeled intermediates, probably not 
members of the glycolytic or tricarboxylic acid cycles, will be found which do not 
conform to the generalization. 
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enzyme. Since glycerol is a glycogenic substance and acquires tracer from 
carboxyl-labeled acetate (7) and CO: (8), it appeared that glycerol must 
be metabolized asymmetrically; otherwise the labeling would be random. 
ized in glucose via this route. However, it remained possible that the 
conversion of glycerol to carbohydrates was low, particularly in fasted rats 
fed other carbohydrate precursors, and therefore an appreciable randomi- 
zation did not occur.? 

A further indication that glycerol is metabolized in an asymmetrical 
manner is the observation that L-a-glycerophosphate is formed during oxi- 
dative phosphorylation of glycerol by kidney extracts (10). If the glycerol 
were used symmetrically, a mixture of p and L isomers would be expected, 
This observation did not demonstrate unequivocally the asymmetrical use 
of glycerol, since both the p and L isomers could have been formed via a 
symmetrical intermediate such as dihydroxyacetone and the pD-a-glycero- 
phosphate preferentially broken down, for example by a phosphatase. Also 
the fact that L isomeric derivatives of glycerol are found in natural products 
is not proof of asymmetrical handling of glycerol, since these may be formed 
from carbohydrate rather than by direct conversion of glycerol. 

In the present investigation a direct demonstration of the asymmetrical 
use of glycerol was accomplished by feeding rats biologically synthesized 
glycerol-C obtained from goat milk. The glycogen was degraded and 
found to be labeled predominantly in the3,4 positions. In addition, it was 
found that the 3 carbon was of higher activity than the 4 carbon. The 
latter finding is apparently the first exception to the generally observed 
symmetrical labeling of the carbon chain of glucose. 


Methods and Experimental Procedures 


Biologically labeled glycerol was obtained from milk fat of a goat which 
received 1-C'*-acetate intravenously and was purified as the tribenzoate (7). 
The isotope content of carbons 1 and 3 and carbon 2 was determined by 
periodate oxidation of the glycerol (11). The resulting formate (C-2) was 
oxidized to CO: with mercuric acetate (12) and the formaldehyde (C-1 
and C-3) was oxidized to formate with hypoiodite (13), followed by oxida- 
tion to CO: as above. 

Male rats fasted for 48 hours were weighed and given the glycerol-C" 
by stomach tube. They were kept in a metabolism cage to permit quan- 
titative collection of the respiratory CO, and determination of its activity. 
The rats were killed after 6 hours (Rat 1) and 1 hour (Rats 2 and 4), and 


* Teng et al. (9) have shown with liver slices that addition of pyruvate together 
with glycerol as substrates does not alter the amount of glycerol converted to gly- 
cogen. However, this observation may not apply to the intact animal fed a carbo- 
hydrate precursor and with only endogenous glycerol. 
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the glycogen was isolated from their extirpated livers by a modification of 
the method of Stetten and Boxer (14). The glycogen was converted to 
glucose by hydrolysis in 1 N H2SO,, and was determined by the method of 
Somogyi (15). 

The glucose was degraded by fermentation with Leuconostoc mesenteroides, 
an organism shown by Gunsalus and Gibbs (16) to ferment glucose in the 
following way: 

C.Hw.O. — COs + CH3-CH2OH + HOOC-CHOH-CH; 
(1) (2) (3) (4) (5) (6) 


In this procedure about 1 mm of glucose is employed and its reliability has 
been established by comparison with other methods of degradation. The 
ethanol was obtained by direct distillation of the supernatant fluid after 
centrifugation of the neutralized fermentation mixture and was oxidized to 
acetic acid by potassium dichromate. It was recovered by steam distilla- 
tion and was pyrolyzed as the barium salt, giving BaCO,; (carbon 3) and 
acetone, the latter being converted to iodoform and oxidized to COs (car- 
bon 2) (17). The lactic acid was degraded by the method of Wood et al. 
(2), yielding separately carbons 4, 5, and 6. All measurements of C™ con- 
tent were made on CO, with a Bernstein-Ballentine proportional gas phase 
counter (18). 


RESULTS AND DISCUSSLON 


The general experimental data are presented in Table I and the distri- 
bution of the tracer in the glycerol and liver glycogen in Table II. It is 
apparent from Table II that the major portion of the C" of the glycerol 
entered carbons 3 and 4. The second outstanding feature is that carbon 
3 has a higher activity than carbon 4. The results will be considered first 
with relation to the significance of the accumulation of C™ in the 3 and 4 
carbons and then in terms of the activity of 3 as compared to 4 carbon. 

It is to be noted that about 10 per cent of the activity of the fed glycerol 
was in carbon 2 (Table IL), the goat having converted some of the carboxyl 
carbon of acetate to carbon 2. The remaining C" is in the 1,3 positions 


3 Bernstein, Lentz, Malm, Schambye, and Wood, manuscript in preparation. 
With regard to the present experiments, the degradation of 3- and 4-labeled sugars is 
most pertinent. Glucose-3,4-C™, as obtained from rat liver glycogen after CO, 
administration, was degraded with L. mesenteroides, and the following results were 
obtained in counts per minute per millimole of C; C-1 = 69, C-2 = 60, C-3 = 2380, 
C-4 = 2400, C-5 = 60, C-6 = 28. Since no completely satisfactory direct degradation 
has been made by another method which shows that CO, is fixed equally in the 3 and 
4 carbons, these results are not unequivocal proof of the reliability of the degrada 
tion. However, the combined evidence obtained by degradation of different types 
of labeled sugar leaves little doubt of its reliability. 
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and is predominantly located in one of these positions. For purposes of 
illustration, this asymmetrically labeled glycerol arbitrarily has been as- 
signed the following notations. The end carbon with low activity has been 


TABLE | 


General Experimental Data 


Respiratory COs, collected in 1st hr. 


’ Glycerol fed, Time after = __. Liver glycogen 
a | Weight | ma per 100 cu Admini isolated Glucose 
— gm. injection C.p.m. per | Total c.p.m. tered Gt (as glucose) | ©"Tler 
| | mM C expired expired 
gm. hrs. per cent mg. = 
1 | 310 6.87 | 6 241* 1981 0.93 8.1f 130.1 
2 | 268 7.32 1 368 3897 | 1.83 25.0 172.0 
4 | 225 | 6.18 1 203 2016 =| 1.08 31.0 | 150.0 


| | 
* The values for the 2nd, 3rd, 4th, 5th, and 6th experimental hours were 549, 660, 
707, 735, and 759 c.p.m. per mm of C, and 4892, 5821, 5006, 5281, and 6626 total ¢.p.m. 
respectively. In 6 hours, 14.2 per cent of the counts per minute administered was 
expired as COz. 
+ There was a loss, due to breakage of the centrifuge tube. 
TABLE II 
Distribution of Tracer in Rat Liver Glycogen after Feeding Biologically 
Labeled Glycerol-1-C™ 


The values are given in counts per minute per millimole. 





Rat | Glycerol fed Glycogen 
No. | - — NT CRT 
C-1 C-2 C-3* C-1 C-2 C-3 C-4 C-5 C4 
1 | 8,030| 900 | 900 Of Ot 5980 2490 Of OF 
2 | 8,850} 1000 | 1000 560 | 680 | 7540 | 5160 | 650 | 720 
| 


4t| 11,300) 1460 | 1460 330 | 480 2930 | 1830 | 120 | 280 


* It has been assumed for purposes of this calculation that the end carbon with 
low activity (C-3) is labeled in a similar manner to C-2. In the present degradations 
C-2 has been found to contain approximately 10 per cent of the total activity. Pop- 
jak et al. (7) report 5 per cent, but the present sample was pooled from a longer ex- 
perimental period. 

t The number of counts measured was not significantly above the background 
because of the high dilution by the carrier. 

t 5970 c.p.m. per mm of glucose (calculated from the sum of the degradation val- 
ues) ; 6120 c.p.m. per mM of glucose (determined from the total carbon of the glyco- 
gen). 


designated as 3, and assigned an activity equal to that of carbon 2. The 
end with highest activity has been called carbon 1. These designations 
have been adopted to conform with the observation that the carbon of the 
glycerol designated as 1 is converted to the 3 and 4 carbons of glucose, 
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just as is carbon | of pyruvate and lactate. The present results prove the 
assumption of asymmetrical synthesis by the goat, but the second assump- 
tion relative to the equal activities in carbons 2 and 3 of the glycerol has 
no experimental basis. 

It appears that carbon | of the glycerol was converted by the rat almost 
exclusively to carbons 3 and 4 of the glucose and that there was no signifi- 
cant conversion of this carbon to the 1 and 6 positions. This becomes 
evident from the results with Rat 2 in which there was surprisingly little 
dilution of the fed glycerol. Apparently 85 per cent (7540/8850 x 100) 
of carbon 3 of the glucose was formed from the glycerol. If carbons 1, 2, 
and 3 of the glycerol entered glucose as a unit, then all the activity of car- 
bons 1 and 2 of the glucose is accounted for without contribution from 
carbon 1 of the glycerol. The determination of the activities of carbons 
1, 2, 5, and 6 of the glucose is subject to considerable error because of their 
low activity, and the assumption may be wrong that the activity of carbon 
2 equals that of carbon 3 in the biological glycerol. Nevertheless it is 
clear that there was very little conversion of carbon 1 of the glycerol to 
positions other than 3 and 4 of the glucose. 

This distribution observed with the biological glycerol is in sharp con- 
trast to that obtained by Doerschuk (19), who fed chemically synthesized 
glycerol, z.e. glycerol-1 ,3-C". He found that carbons 1 and 6 of the liver 
glycogen contained activity approaching that of carbons 3 and 4. His 
results in conjunction with the present observations demonstrate that the 
2 end carbons of glycerol are converted to different carbons in the glucose. 
Thus the possibility is excluded that the tracer appeared chiefly in the 3 and 
4 carbons because of cleavage of the end carbons of glycerol to a C, inter- 
mediate that was then converted exclusively to carbons 3 and 4 of glucose. 

The data are in accord with the suggestion that glycerol is phosphoryla- 
ted asymmetrically by a kinase to yield L-a-glycerophosphate, which is de- 
hydrogenated to dihydroxyacetone phosphate by an L-a-glycerophosphate 
dehydrogenase and then is converted to glycogen. The glycerol cannot 
be dehydrogenated to dihydroxyacetone and then phosphorylated since 
this would lead to randomization of the C' (6), but “‘asymmetrical’’ dehy- 
drogenation to free glyceraldehyde followed by phosphorylation is a pos- 
sibility. However, this does not appear to be likely since, as explained 
below, carbon 4 of glucose would in this case be expected to have the same 
activity as carbon 3. In all the reactions involved, i.e. synthesis of gly- 
cerol from acetate by the goat, conversion of glycerol to glycogen by the 
rat, and metabolism of the glucose by the bacteria, the orientation of the 
tracer is maintained. Most of the randomization apparently took place 
during the synthesis of the glycerol by the lactating goat. It appears likely 
that much of the randomization of the C™ in the glycerol from the milk 
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fat may have occurred in the mammary gland. It has been demonstrated 
that the carboxyl carbon of acetate is converted to the 1, 2, 5, and 6 posi- 
tions of the hexose moieties of milk lactose in considerably greater amount 
than in the similar positions of the liver glycogen (20). 

It is observed in Table Il that carbon 3 of the glucose contained 1.4 to 
2.4 times more C" than carbon 4. Such a difference is unprecedented but 
the results are believed to be reliable. A symmetrical labeling of the car- 
bon chain of the liver glycogen and urinary glucose has been found by the 
following investigators (21-23, 19). Perhaps the most reasonable expla- 
nation of the unequal labeling from biological glycerol is that it enters the 
glycolytic reactions via dihydroxyacetone phosphate, whereas the other 
labeled compounds thus far tested, such as lactate, pyruvate, acetate, for- 
mate, or compounds which give rise to ‘‘acetate,”’ enter by way of glyceral- 
dehyde phosphate. In the glycolytic reactions the 1, 2, 3 carbons of glu- 
cose are formed from dihydroxyacetone phosphate, whereas the 4, 5, 6 
carbons arise from glyceraldehyde phosphate. At equilibrium the triose 
isomerase reaction is about 96 per cent in favor of dihydroxyacetone phos- 
phate (24). Thus with equal concentrations of the two compounds the 
conversion of glyceraldehyde phosphate to dihydroxyacetone phosphate is 
far more rapid than the reverse reaction. Therefore, a compound entering 
the glycogenic route by way of glyceraldehyde phosphate might dominate 
the labeling of the pool of dihydroxyacetone phosphate. However, the 
reverse situation may occur when a diet of glycerol is given to a fasted 
animal. Even though the concentration of dihydroxyacetone phosphate 
may then increase, thus accelerating the conversion to glyceraldehyde phos- 
phate, a considerable amount of the latter compound will also arise from 
unlabeled compounds of the endogenots metabolism. Therefore, the gly- 
ceraldehyde phosphate may exhibit a lower C'* concentration than the 
dihydroxyacetone phosphate after glycerol-C" feeding and cause an un- 
equal labeling in the 3 and 4 carbons of the hexose. In essence, the balance 
of the triose isomerase, aldolase, and triosephosphate dehydrogenase reac- 
tions, as opposed to that of the glycerophosphate dehydrogenase reaction, 
will determine the rate of interconversion of dihydroxyacetone phosphate 
with glyceraldehyde phosphate. Clearly this explanation is not complete, 
but it appears to be reasonable on the basis of present information. That 
the pathway from glycerol to glycogen is very direct under the conditions 
used is indicated by the remarkably small dilution of isotope that occurred 
in the 3 position of the glycogen in Rats 1 and 2. 

It is noteworthy that Doerschuk (19) did not obtain asymmetrical 
labeling in the experiments in which he fed chemically synthesized glycerol. 
Carbons 1 and 6 had approximately equal activity, and his results support 


the assumption that 3 equaled 4. The conditions varied from the present 
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experiments in that the rats were sacrificed 24 hours after injection; the 
glycerol was administered in a dose of approximately 0.1 mm per 100 gm. 
of rat and the rats were not fasted. Further work is under way to attempt 
to clarify the reason for the different results. 

The fact that glycerol is incorporated into the 3 position more rapidly 
than the 4 opens the possibility that the tracer pattern of glycogen may be 
used to detect glycerol precursors. Such precursors should label the 1, 2, 
3 carbons more extensively than the 4, 5, 6 carbons. 

Following our preliminary observation showing the asymmetrical use of 
glycerol, we learned that Swick and Nakao (25) had undertaken a similar 
investigation. The results are therefore published simultaneously. 


SUMMARY 


Glycerol-1-C", obtained by feeding acetate-1-C™ to goats, was fed to 
rats and the glycogen was isolated and degraded by fermentation with 
Leuconostoc mesenteroides. The C™ was found to be predominantly in the 
3 and 4 carbons of the glucose. These results, together with those of 
Doerschuk, who fed glycerol-1,3-C™“, establish that the end carbons of 
glycerol are not metabolically identical. It is concluded that glycerol is 
metabolized asymmetrically in accord with the Ogston hypothesis. 

The tracer pattern of the carbon chain of the glucose was not symmetri- 
eal. The 3 carbon contained 1.4 to 2.4 times more C™ than the 4 carbon. 
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In 1948, Ogston (1) postulated the existence of an asymmetric enzyme 
able to distinguish between one of two identical groups in a symmetrical 
compound. Shortly thereafter, Potter and Heidelberger (2) accomplished 
the biosynthesis of an “‘asymmetrically” labeled citric acid, substantiating 
Ogston’s principle. That glycerol, another compound of chemical sym- 
metry, might also be biologically asymmetrical is suggested by the fact that 
only the L isomer of a-glycerophosphate, an intermediate in glycerol me- 
tabolism, is found in nature (3, 4) or can be utilized by enzyme preparations 
(4, 5). If enzymes exerted no configurational specificity toward glycerol, 
thus permitting the formation of both p- and L-a-glycerophosphate, then 
the p form must be either converted to the L isomer by a racemase or hy- 
drolyzed by a specific phosphatase. In the absence of such enzymes, the 
incorporation into animal lecithins of some D-a-glycerophosphate synthe- 
sized from free glycerol arising from dietary triglycerides seems inevitable. 

Chemically synthetic glycerol labeled with C“ in the end carbon (6, 7) 
may be regarded as either glycerol-1-C™ or as glycerol-3-C"; hence it is 
not surprising that, when such glycerol is metabolized by rats, the isotope 
is found to be principally distributed among carbon positions 1, 3, 4, and 
6 of glucose (8) or between carbons 1 and 3 of lactic acid (9). In the pres- 
ent study, glycerol-1-C'* was biosynthesized by yeast from glucose-3 ,4-C", 
administered to rats, and the resulting glucose degraded. It was found 
that nearly all of the radioactivity was still in the 3 and 4 positions of 
glucose. Similarly, Lactobacillus casei formed lactic acid predominantly 
labeled in the carboxyl group from such glycerol. Hence the metabolism 
of glycerol, like that of citric acid, appears to be catalyzed by an asym- 
metric enzyme. 


Methods 


Each of five rats weighing 250 gm. and fasted for 48 hours was given 600 
mg. of glucose per 100 gm. body weight by gavage, followed by the injec- 
tion of NaHCO; containing 2 X 10°¢.p.m. The animals were sacrificed 
after 34 hours and the liver glycogen was isolated by a combination of the 
methods of Good et al. (10) and of Stetten and Boxer (11). The glycogen 
was hydrolyzed with 1 nN H2SO, and the hydrolysate clarified with charcoal. 
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The combined filtrates contained 186 mg. of glucose with a specific activity 
of 9.1 X 10®¢.p.m. per mm of C. After about 30-fold dilution with inactive 
glucose, glucose-3 ,4-C™ was fermented by a large inoculum of Saccharo- 
myces chevalieri at pH 7.38 + 0.03 by a technique similar to that of Neish 
and coworkers (12, 13). The yield of glycerol was nearly doubled by the 
addition of 12.5 per cent of Na2SO; to the salt mixture. The fermentation 
solution was cleared with Zn(OH)>s, concentrated, and chromatographed on 
alumina according to the procedure of Williams (14). The eluate was 
concentrated, transferred to water, acidified, and extracted continuously 
for 24 hours with ether. The yield of glycerol was 0.9 gm. and the specific 
activity was 245,330 c.p.m. per mm of C. 

Each of two fasted rats was given glycerol-1-C" (Table 1) plus 1 gm. of 
inactive glycerol by gavage, and glycogen was isolated and hydrolyzed as 


r 


TABLE I 


Distribution of C'* in Glucose Isolated from Rats Given Either NaHCO; 
or Glycerol-1-C™ 





Radioactivity in 
Per cent total 


Compound administered activity in C-3,4* 





C-3,4 C-1,2,5,6 


| c.p.m. permm C | c.p.m. per mu C 


NaHC0,.... 84, 600 1200 97 
Glycerol-1-C™ (180 mg.)...... | 27, 800 1500 90 
- me ):. | 38,600 1570 92 





*C-3,4 X 100/C-3,4 + 2C-1,2,5,6. 

before. The glucose was then fermented by L. casei and the lactic acid 
isolated according to the procedure of Wood et al. (15). Lactic acid was 
oxidized to COz and acetaldehyde with KMnQ, (16) in a closed, CO¢-free 
system at 60 cm. pressure under a flow of Ne. The acetaldehyde was 
trapped in a saturated solution of 2,4-dinitrophenylhydrazine in 2 n HCl 
and the COz was condensed in a liquid Nz trap. The CO: was transferred 
to ethylenediamine (17), liberated, and the radioactivity measured by 
proportional gas counting (18). After recrystallization from alcohol, the 
2 ,4-dinitrophenylhydrazone was oxidized by wet combustion and counted 
as COe. Repeated purification of the degradation products failed to alter 
the results significantly. 

Another pair of rats was given glucose and NaHCO; containing 2 x 10’ 
c.p.m., as described above, and the isolated glucose was degraded directly 
by L. caset and KMnQ, oxidation. 

Finally 70 mg. of glycerol-1-C™ were converted directly to lactic acid by 
incubation with L. casei in a medium containing 0.6 per cent of NaHCO; 
and 0.2 per cent of glucose, and the lactic acid was degraded as before. 
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Almost no lactic acid was formed from glycerol in the absence of glucose 
even in the presence of a hydrogen acceptor; e.g., methylene blue. In the 
presence of glucose, however, about 2 per cent of the glycerol was con- 
verted to lactic acid. 
RESULTS AND DISCUSSION 

When NaHCO; was administered to rats, 97 per cent of the radioactiv- 
ity appeared in the 3 and 4 positions of glucose and 3 per cent in carbon 
positions 1, 2, 5, and 6 (Table I). Similar results have been reported by 
others (19-21), and nearly all of this randomization has been attributed to 
the action of L. casei in the conversion of glucose to lactic acid (21). When 
the radioactive compound given was glycerol-1-C", 90 to 92 per cent of 
the labeling was in the 3 and 4 positions and 8 to 10 per cent in the 1, 2, 
5, and 6 carbons of glucose (Table I). Also, when glycerol-1-C™ was fer- 


TaB_e II 
Distribution of C4 in Lactic Acid Isolated from Fermentation of 
Glycerol-1-C™ by L. casei 





Radioactivity in 
Per cent total activity in C-1* 





C-1 C-2,3 


open. per mu C 
15, 330 850 90 


c.p.m. per mu C 





*C-1 X 100/C-1 + 2C-2,3. 





mented to lactic acid by L. casei, 90 per cent of the radioactivity appeared 
in carbon 1 of lactic acid and 10 per cent in positions 2 and 3 (Table II). 
Since the degree of randomization ultimately found in lactic acid was the 
same, whether or not the rat was involved in the degradation of glycerol, 
it would seem that much of the remaining 6 to 7 per cent of randomization 
occurs during the yeast fermentation of glucose, and that the rat exhibits 
a greater specificity toward glycerol than do these microorganisms. It has 
been suggested that the formation of either dihydroxyacetone or its diphos- 
phate is responsible for this randomization (21). 

Glucose labeled predominantly in carbons 3 and 4 was converted to 
glycerol and, in the rat, back to glucose still labeled in these positions, 
while L. casei formed lactic acid primarily labeled in the carboxyl group 
from this glycerol. Hence it would seem that in the formation of glycerol 
from carbohydrate a stereospecific enzyme, probably a-glycerophosphate 
dehydrogenase, is involved, and that some reaction in the utilization of 
glycerol, most likely phosphorylation, is effected by an asymmetric enzyme. 
Had glycerol been “symmetrical,” one would have expected the activity 
to be equally divided between the 3 and 4 positions and 1 and 6 carbons 
of glucose. 
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Schambye et al. (22) also have administered biosynthetic glycerol-1-C™ 
to rats and isolated glucose labeled predominantly, but unequally, in car- 
bons 3 and 4. Hence, the concentrations of C“ in carbons 3 and 4 reported 
here may represent an average of two values quite different from one an- 
other. 


SUMMARY 


Glycerol-1-C™ has been isolated from a yeast fermentation of glucose- 
3,4-C™ and analyzed by administration to rats and degradation of the 
resulting glucose and by fermentation to lactic acid with Lactobacillus 
caset. About 91 per cent of the radioactivity was found in the 3 and 4 
positions of the glucose and in the carboxyl group of lactic acid, demon- 
strating that glycerol, like citric acid, may be regarded as a biologically 
asymmetrical compound. 


The authors are indebted to Dr. Arthur L. Koch of this institution and 
to Dr. Donald L. Buchanan, Veterans Administration Hospital, West 
Haven, Connecticut, for their interest and many helpful suggestions. We 
gratefully acknowledge the valuable technical assistance of Miss Dorothy 
M. Tahara. 


BIBLIOGRAPHY 
1. Ogston, A. G., Nature, 162, 963 (1948). 
2. Potter, V. R., and Heidelberger, C., Nature, 164, 180 (1949). 
3. Karrer, P., and Salomon, H., Helv. chim. acta, 9, 3 (1926). 
4. Meyerhof, O., and Kiessling, W., Biochem. Z., 264, 40 (1933). 
5. Meyerhof, O., and Kiessling, W., Biochem. Z., 267, 313 (1933). 
6. Doerschuk, A. P., J. Am. Chem. Soc., 73, 821 (1951). 
7. Gidez, L. I., and Karnovsky, M. L., J. Am. Chem. Soc., 74, 2413 (1952). 
8. Doerschuk, A. P., J. Biol. Chem., 196, 423 (1952). 
‘9. Teng, C.-T., Karnovsky, M. L., Landau, B. R., Hastings, A. B., and Nesbett, F. 


B., J. Biol. Chem., 202, 705 (1953). 

10. Good, C. A., Kramer, H., and Somogyi, M., /. Biol. Chem., 100, 485 (1933). 

11. Stetten, D., Jr., and Boxer, G. E., J. Biol. Chem., 155, 231 (1944). 

12. Neish, A. C., and Ledingham, G. A., Canad. J. Res., Sect. B, 27, 694 (1949) 

13. Neish, A. C., and Blackwood, A. C., Canad. J. Technol., 29, 123 (1951). 

14. Williams, A. F., Nature, 171, 655 (1953). 

15. Wood, H. G., Lifson, N., and Lorber, V., J. Biol. Chem., 159, 475 (1945). 

16. Friedemann, T. E., and Kendall, A. I., 7. Biol. Chem., 82, 23 (1929). 

17. Swick, R. W., Buchanan, D. L., and Nakao, A., Anal. Chem., 24, 2000 (1952). 

18. Buchanan, D. L., and Nakao, A., J. Am. Chem. Soc., 74, 2389 (1952). 

19. Shreeve, W. W., Feil, G. H., Lorber, V., and Wood, H. G., J. Biol. Chem., 177, 
679 (1949). 

20. Gibbs, M., J. Biol. Chem., 179, 499 (1949) 

21. Gibbs, M., Dumrose, R., Bennett, F. A., and Bubeck, M. R., J. Biol. Chem., 184, 
545 (1950). 

2. Schambye, P., Wood, H. G., and Popjak, G., J. Biol. Chem., 206, 875 (1954). 














1-CM 

Car- 
orted 
 an- 


‘0Se- 

the 
illus 
nd 4 
non- 
rally 


and 
Vest 
We 
thy 
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Although much work has already been done on the metabolism of iso- 
topic acetate in mammalian tissues, the incorporation of the acetate has 
been adequately studied in only a few compounds. Obviously, a simple 
technique that would reveal all or most of the isotopic products would be 
of advantage in this connection. An approach to this goal was offered by 
paper chromatography in conjunction with radioautography, a procedure 
that was used by Calvin and his associates in the study of photosynthesis. 
A serious difficulty arose, however, in the application of their technique to 
tissue slice experiments; namely, the interference caused by the large 
amounts of salts used in the incubation medium. Daus et al. (1), who 
applied both chromatography and radioautography to a study of the me- 
tabolism of C'*-labeled propionate by mouse liver slices, resorted to labori- 
ous fractionation procedures to remove the salt, and this resulted in appre- 
ciable losses of activity. It is shown here that the bulk of the inorganic 
salts in tissue extracts can be readily removed by electrolytic desalting 
without loss of the labeled compounds. This enabled us to make the 
chromatographic procedures quantitative for animal tissue preparations. 

In the present report these quantitative chromatographic procedures are 
described, and typical patterns are presented showing the incorporation by 
rat liver slices of the C" of acetate-C™ into twelve to fifteen water-soluble 
compounds. By the use of our method, a complete carbon balance of ace- 
tate utilization can be obtained. 


EXPERIMENTAL 
Incubation Procedures 


Livers of mature male rats of the Long-Evans strain were sliced free- 
hand. As arule, 1 gm. of slices was incubated in 5 ml. of a Krebs-Ringe: 
bicarbonate or a Krebs-phosphate buffer (2) to which had been added 
about 50 um of C-labeled acetate. For the preparation of radioauto- 

* Supported in part by Cancer Research Funds of the University of California and 
by the National Vitamin Foundation, Inc. 

t Postgraduate Fellow of the American Cancer Society. 
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graphs, 10 to 30 we. of C-carboxy! and half that amount of C'*-methyl 
acetate were found suitable. 

The incubation vessel was a 50 ml. Erlenmeyer flask provided with a 
center well for CO, collection and stoppered with rubber serum bottle caps, 
This flask was designed by Mr. H. Baruch of this laboratory. At the end 
of the incubation period, alkali was injected through the rubber cap into 
the center well, and the tissue was killed by brief immersion of the flask 
in boiling water. The flasks were cooled, and about 0.2 ml. of 2 n HCl 
was injected into the buffer. Excess acid was avoided, as it interferes 
with chromatographic analyses as described below. 


Analytical Procedures 


The fractionation procedure is shown in Diagram 1. The COz was ab- 
sorbed and collected in the usual manner (3). 

Extraction of Slices—The liver slices and medium were transferred to a 
15 ml. tube and, after centrifugation, the supernatant fluid was removed 
as completely as possible with a capillary pipette. The residue was re- 
extracted with about 1.5 ml. of hot water, the tubes were centrifuged, and 
the supernatant fluid removed as above. Three such washings served to 
extract practically all water-soluble materials from the slices. The com- 
bined supernatant fluid and washings were made to a volume of 10 ml. 
(Fraction A). This fraction was assayed for its C' content and was used 
for chromatographic analysis as described below. 

Total lipides of the water-insoluble residue in the centrifuge tube were 
extracted, once with 5 to 10 ml. of ethanol, twice with a 1:1 mixture of 
ethanol and ether, once with 1:3 ethanol-ether mixture, and finally once 
with ether. The alcohol-ether extracts were combined and evaporated to 
dryness. 5 ml. of hexane and 2 ml. of water were added to the residue, 
and the mixture was shaken vigorously. Centrifugation was resorted to 
at this point to break emulsions as they occurred. The hexane phase con- 
tained the total lipides (Fraction B); it was assayed for its C™ content. 

Assay of Defatted Residue—This residue (Fraction C, Diagram 1) con- 
sisted mostly of protein and a little glycogen. In a few experiments, the 
glycogen was extracted with trichloroacetic acid and precipitated by the 
addition of aleohol. Since this glycogen contained negligible amounts of 
C™, it was not further studied. Fraction C was digested for several hours 
with 4 to 5 ml. of 10 N HCl, and the resulting solution was then evaporated 
to dryness. The hydrolysate was taken up in a small volume of water 
and assayed for C activity. 

Assay of Aqueous Extract (Fraction A)—<A 1 or 2 ml. aliquot of this frac- 
tion was steam-distilled in a small Markham still (4) and about 40 ml. of 
the distillate were collected, neutralized, and made to volume. The vola- 
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tile fraction (A-2) contains the non-utilized acetate; it was made to a vol- 
ume of 50 ml. and assayed for its C content.! The non-volatile residue 
(Fraction A-1) was washed out of the still, neutralized, and made to a 
volume of 10 ml.; its C'* content was then determined. 

Since liver contains several acids that are slightly volatile (such as lac- 
tate and 6-hydroxybutyrate), their recoveries were tested under the con- 
ditions described above. Added acetate was recovered to the extent of 
98 to 100 per cent. Under the same conditions, 7 per cent of lactate and 
4.5 per cent of 8-hydroxybutyrate could be steam-distilled. Acetoacetic 
acid was completely decarboxylated to acetone, but, since the latter vola- 
tilizes, acetoacetate does not interfere with the radioactivity assay of 
volatile acids. 

Determination of Acetoacetate—In some cases, an aliquot of Fraction A 
was analyzed for acetoacetate. The acetoacetate was converted to ace- 
tone, and the latter was diffused into bisulfite. The acetone-bisulfite 
solution was burned with persulfate (5), and the COz was collected and 
assayed for C“ activity. This method will be described in detail elsewhere, 
When acetate-1-C'* was used as substrate, the total activity in acetoace- 
tate was taken as twice that found in the acetone moiety. 

C™ Assay—A conventional Geiger counter was used. It had a thin mica 
end window tube, 2.5 inches in diameter, and a counting efficiency of about 
10 per cent. The CO: was precipitated and counted as BaCOs, according 
to Entenman e¢ al. (3). All other fractions were plated directly on alumi- 
num disks. Since the initial activity was very high (several million counts 
per minute per vessel), the mass on the disk in most cases was very small 
and hence mass corrections were neglected. The over-all counting error 
was +5 per cent. 

Chromatography of Water-Soluble Extract (Fraction A)—The main diffi- 
culty in chromatographing tissue slice extracts lies in the interference by 
salts used in the incubation media. As little as 0.05 ml. of an isotonic buf- 
fer solution results in blurring of the spots. It was found that, by electro- 
lytic desalting after the manner of Consden et al. (6), the bulk of the inor- 
ganic salts could be rapidly removed with practically no loss of radioactive 
compounds. 

Electrolytic Desalting—The apparatus used was similar to but smaller 
than the one described by Consden et al. (6). The cathode compartment 
had a diameter of about 30 mm., and the anode about 12 mm. 0.2 nN sul- 


1 When very smal] amounts of acetate (less than 0.05 mg. per sq. cm.) were mounted 
on aluminum disks and assayed for C™ activity, consistent results were not obtained. 
For this reason, enough acetate carrier was added to yield a mass of about 0.2 mg. 
persq.cm. Acetate, even when plated with an excess of alkali, is lost at a slow rate, 
and the plates should be assayed within a day after their preparation. 
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furic acid was used at the anode. The circuit consisted of a 175 ohm slide 
wire resistance, one arm of which was in series, the other in parallel with 
the electrodes. (Such an arrangement prevents a large increase in the volt- 
age drawn across the cell when the resistance of the dialyzed solution in- 
creases.) The circuit also included a switch, a milliammeter, and a volt- 
meter connected across the electrodes.” 

A 2to3 ml. aliquot of the aqueous extract (Fraction A), the pH of which 
was 2 to 3,3 was pipetted onto the mercury surface, and the slide wire was 
adjusted to a voltage of about 40 volts across the electrodes. The sample 
was electrodialyzed for 8 to 10 minutes; the current changed from 320 to 
370 ma. at the start to about 100 to 120 ma. at 50 to 54 volts at the end 
of this period. Foaming was controlled with Dow-Corning Antifoam. 
Prolonged dialysis should be avoided, as it results in appreciable losses of 
radioactivity (see Experiments 7 and 8, Table I). 

Under the conditions described above, over 90 per cent of the inorganic 
salts is removed‘ without appreciable loss of organic acids (Table II). The 
recovery of amino acids was not investigated, but according to Stein and 
Moore (7) their recovery during electrodialysis is, except for arginine, also 
satisfactory. 

The dialyzed samples were transferred to vials (20 X 50 mm.) and neu- 
tralized carefully. The vials were laid on their sides in a desiccator con- 
taining anhydrous calcium sulfate (Drierite) under a vacuum. A large 
number of vials was thus evaporated to dryness overnight. Each residue 
was taken up in a small volume of water (one-fifth to one-tenth of the dia- 
lyzed solution) and used for paper chromatography. 

Chromatography and Radioautography—Essentially the techniques de- 
scribed by Benson et al. (8) were followed. Aliquots of the dialyzed solu- 
tions, representing extracts derived from 30 to 60 mg. of slices, were applied 
on 18 X 22 inch Whatman No. 1 filter paper sheets, and two-dimensional 
chromatograms were developed, first in water-saturated phenol and then 
in butanol-acetic acid-water (50:11:25). The sheets were air-dried for at 
least 48 hours after the phenol run. After being developed with the bu- 
tanol solvent, the paper was air-dried for several hours, and the approxi- 
mate locations of lactic and 6-hydroxybutyric acids were sprayed with 


2 An electrolytic desalter can be obtained from the Research Equipment Corpora- 
tion, 1135 Third Street, Oakland 20, California. 

? When the initial pH of the dialyzed solutions was neutral, satisfactory recoveries 
of organic acids and glucose were not obtained, even though no oxidation or degrada- 
tion of either glucose or fructose occurred. 

‘The optimal conditions for the operation of each instrument depend upon its 
dimensions and the position of the anode. 

5The use of Desicote-treated glassware and pipettes facilitated quantitative 
transfers without rinsing. 
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TABLE I 
Recovery of Radioactive Compounds after Electrodialysis 

The C'*-labeled compounds were added to one-half isotonic (E xperiments 1 to 6) 
or one-third isotonic (Experiments 7 and 12) Krebs-Ringer bicarbonate buffer, 
and the pH adjusted as recorded below. The substrates were present at concentra. 
tions of about 5 wm per ml. The initial radioactivity was taken as 100 per cent. 
Experiment 12 represents an actual extract of liver slices that had been incubated 
with C1*- labeled acetate. 





ment | Oda cmpound Cileins Initial pH ogy Fina — nt P Ci recover 
| ml. min. ma. | volts : 
1 Glucose 3 3.0 | 17 50 55 90 
2 - 3 7.8 9 80 53 86 
3 Fructose 3 3.0 9 90 53 99 
4 - 3 3.0 9 80 | 538 96 
5 | Succinate | 3 | 3.0 12 80 | 53 | rf 
6 - beh te 12 so | 53 | 7 
7 | Citrate 2.5 | 2.9 0 380 | 40 | 100 
z=: 120 | 52 105 
14 80 | 52 80 
8 Succinate 2.0 | 2.3 0 380 | 40 100 
| 12 | 120 | 50 | 98 
| 2 + @ 56 | 76 
9 Citrate and succi- 2.0 2.3 0 | 380 | 40 | 100 
nate | | 8 120 | 52 | 103 
12 75 | 55 103 
10 Lactate 3.0 | 2.3 0 370 | 40 100 
| 12 140 | 50 | 98 
| | 20 60 | 55 | 79 
11 Acetate Li ae. Bs 0 370 | 40 100 
18 70 | 56 98 
12 Aqueous extract* | 2.0 | 2.2 0 370 | 40 100 
8 180 48 98 
12 80 53 89 





* Liver slices that had been incubated with C'-labeled acetate. 


dilute alcohol KOH.® The inclusion of phenol red indicator in the dialysate 
facilitated the location of these acids. 

“No Screen” x-ray films (14 X 17 inches) were used for the preparation 
of radioautographs. The exposure time varied from 4 to 12 days, depend- 


* It was found that the free lactie and 6-hydroxybutyrie acids are slowly volati- 
lized from the paper. Spraying with KOH served to prevent the volatilization. 
The rate of volatilization appeared to depend on the solvents used. With propanol- 
ammonia as the first solvent, followed by butanol-acetic acid, the activity on the 
paper decreased to one-half in about 1 month. Smaller losses were observed with 
phenol and butanol-acetic acid as the solvent pair. 
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ing upon the C™ activity. With the use of a standard x-ray illuminator, 
the radioactive areas visible on the negative were traced on the filter paper 
sheet. 


TABLE II 
Utilization of C4 of Acetate-1-C™ by Rat Liver Slices 
1 gm. of liver slices was incubated in 5 ml. of Krebs-Ringer bicarbonate buffer for 
3 hours at 37°. The gas phase was 95 per cent oxygen and 5 per cent COs. Each 
flask contained 50 to 60 um of acetate and about 20 to 25 ye. of C'. The results are 
expressed as per cent of the added C™. 

















Compound or fraction Experiment A | Experiment B Experiment C 
Steam-volatile (A-2) 55 | 73 33 
CO: 17.8 12.8 36.5 
Lipides (B) 2.2 0.7 | 0.9 
Protein (C) 1.8 | 1.2 
Acetoacetate 6.4 4.5 3.5 
Non-volatile (A-1), obtained from 

chromatogram 

Glutathione 0.25 0.20 0.35 
Glutamate* 1.75 1.15 7.15 
Glucose 1.35 1.40 3.20 
Alanine | 0.30 0.25 0.60 
Lactate 0.80 0.60 0.60 
Aspartate 0.10 0.05 0.20 
Citrate and malatet 0.65 0.25 1.40 
Succinate 0.25 0.10 0.65 
Fumarate Trace 0.02 Trace 
g-Hydroxybutyrate 1.90 1.50 3.80 
Urea 0.30 0.30 0.65 
Otherst 0.05 0.20 0.80 
Total recovered........ 91 97 94.5 








*This fraction represents glutamic acid, glutamine, and pyrrolidonecarboxylic 
acid. 

t This fraction might contain, in addition, a-ketoglutarate. 

t Refers to C™ at (1) the origin, (2) glucosylamines, and (3) unidentified com- 
pounds. 


Preparation of Chromatograms for Qualitative Study—For preliminary 
study, particularly when it is desirable to obtain information on the type 
of compounds formed, satisfactory chromatograms may be prepared without 
desalting by making use of the slice only. At the end of the incubation 
period, the supernatant buffer was decanted and discarded, and the liver 
slices were extracted with several ml. of hot water. The solution was evap- 
orated to dryness and the residue chromatographed as described above. 
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Since the concentration of the radioactive metabolites is higher inside the 
tissue fluids than in the buffer, satisfactory chromatograms from extracts 
of as much as 100 to 150 mg. slices were obtained as shown in Fig. 1, A, 

Radioactivity Assay of Paper Chromatograms—The C" content of each 
compound on the paper sheet was assayed with a 2.5 inch, thin window 
Geiger tube, according to Benson et al. (8). The total C™ activity on the 
chromatogram was obtained by addition of the counts in the individual 
compounds, and the activity in each compound was then expressed as a 
percentage of this total. The total C“ contained in the chromatogram 
should equal the C' content of Fraction A-1. Hence, to obtain the per- 
centage of the added C* recovered in each compound on the chromatogram, 
the above percentages were multiplied by the fraction of the added C¥ 
recovered in Fraction A-1. It should be recalled here that all volatile 
compounds like acetate are lost in the preparation of the chromatogram. 

For good results the chromatograms should not be overloaded, and each 
distinct spot should not be larger than the diameter of the counting tube. 
When duplicate samples of Fraction A-1 were electrodialyzed and chroma- 
tographed, good agreement in the C“ distribution among the various com- 
pounds was obtained. Reproducibility with compounds containing more 
than 1000 c.p.m. was better than 10 per cent. With 200 c.p.m. per spot, 
the variation for a single compound in duplicate chromatograms did not 
exceed 20 per cent. The lower limit of detection under the conditions used 
here was a count of about half that of background per spot. This repre- 
sents an incorporation of as little as 0.02 per cent of the applied acetate. 

Identification of Radioactive Spots—The compounds on the chromato- 
grams were first detected by spraying with ninhydrin for amino acids, brom 
cresol green for organic acids, aniline-oxalate for reducing substances (9), 
and by specific color tests as discussed below. The spots were provisionally 
‘ identified by reference to a prepared chromatographic map of known liver 
constituents. In general, acetate was incorporated into the compounds 
reported by Daus et al. (1) in their study of acetate fixation by mouse liver 
slices. 

For final identification the spots were cut out, the activity was eluted, 
and the active compounds rechromatographed unidimensionally in several 
different solvents in the presence of added carrier. Although the coinci- 
dence between the area of radioactivity on the radiogram and the area de- 
tected by spraying cannot be taken as absolute proof of identity, it was 
considered adequately established when coincidence was observed with at 
least three solvents of different types (such as aqueous pyridine, propanol 
ammonia, and acidic solvent). 
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Fic. 1. Radioautographs of rat liver extracts incubated with 1-C'-acetate. A, 
2 gm. of rat liver slices were incubated for 90 minutes in 5 ml. of Krebs-phosphate 
buffer containing about 100 uM of acetate. Rat liver slices were extracted with water 
after rejection of the supernatant buffer. The chromatograph represents an extract 
from about 100 mg. of tissue. B, electrodialyzed rat liver extract. Radioautograph 
of Experiment C, Table II. C, C-labeled organic acid fraction. 2 gm. of liver 
slices were incubated for 3 hours in 5 ml. of Krebs-phosphate buffer containing about 
100 um of acetaté; the supernatant buffer was extracted with ethyl ether. The chro- 
matograph represents the ether extract of about 1 ml. of buffer. Compounds: (1) 
glutathione, (2) aspartic acid, ($) glutamic acid, (4) glucose, (5) glutamine, (6) and 
(7) glucosylamines (artifact), (8) alanine, (9) and (/2A) citrate, (10) urea, (11) pyr- 
rolidoneearboxylie acid, (12) and (12B) malice acid, (13) fumarie acid, (14) succinic 
acid, (15) lactic acid, (16) B-hydroxybutyrie acid. The identity of isocitrie acid 

(Fig. 2, C) was not fully confirmed. 
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RESULTS AND DISCUSSION 

A great deal of data on the incorporation of acetate into COs, fats, 
and steroids has appeared, but relatively little is known about the incor- 
poration of acetate into other compounds. As illustrated in Table IT, a 
comprehensive picture of acetate utilization can be obtained by the method 
described here. Of special interest is the composition of the non-volatile, 
aqueous fraction (A-1) that was analyzed here chromatographically. A 
typical radioautogram of such a chromatograph is shown in Fig. 1, B. 
More than 80 per cent of the C contained on the paper was present in 
four compounds; namely, glucose, glutamine, glutamic acid, and 6-hydroxy- 
butyrie acid. The compounds shown on the radioautogram fall into sey- 
eral distinct groups which are discussed below. Quantitative differences 
were observed in the patterns obtained with carboxyl- and methyl-labeled 
acetate. The discussion below applies to carboxyl-labeled acetate. 

Glutamate Group—This group, which accounted for about one-quarter to 
one-third of the total C“ on the chromatograph, consisted of four spots: 
glutamic acid, glutamine, pyrrolidonecarboxylic acid, and glutathione, 
Most of the activity was usually in the glutamine. This compound is 
quite labile and, even under mild conditions, is appreciably hydrolyzed to 
glutamic acid or dehydrated to pyrrolidone carboxylic acid (9). Since, in 
duplicate chromatographs, the glutamine-glutamic acid ratio varied ap- 
preciably, whereas the sum of activities in these two compounds remained 
quite constant, it is difficult to state how much of radioactive glutamic acid 
was formed during incubation and how much by hydrolysis during manipu- 
lation of the extracts. Pyrrolidonecarboxylic acid is an artifact and was 
usually found to a small extent.’ 

Small amounts of glutathione were always present. Its identity was 
confirmed by its color reaction with both ninhydrin and nitroprusside (10). 
Since no activity was detected in free glycine or cysteine, glutathione is 
probably labeled only in the glutamate moiety. 

Large amounts of C' were recovered as glutamate, not only in the soluble 
fraction but also in the protein fraction (Fraction C). When the protein 
hydrolysates were chromatographed, over 90 per cent of the activity was 
present as glutamic acid, a little as aspartic acid, and there were traces of 
C" in one or two unidentified amino acids. 

Pyrwate Group—This group is represented on the chromatograms by 
glucose, alanine, and lactate, all of which are presumably derived from a 
common 3-carbon precursor. Pyruvate itself was not detected. It is 
known to be present in low amounts in animal tissues and to be quite labile.’ 


7 Under some conditions, as during continuous ether extraction at pH 2 to 3, 
appreciable amounts of pyrrolidonecarboxylic acid are formed and extracted by the 
ether. This is shown in Fig. 1, C. 

5 Pyruvate added directly to the chromatogram was poorly recovered. 
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Glucose is by far the most prominent member of this group, constituting 
about 20 to 25 per cent of the C“ on the paper.® 

Although appreciable amounts of alanine are found in liver extracts (as 
evidenced by ninhydrin spray), it contains but little activity. 

Lactate is the most abundant organic acid in liver tissue, but still it is 
present in amounts difficult to detect by spraying with brom cresol green 
indicator. ‘The C™ incorporation into lactate is quite variable. 

Aspartic Acid—Although this amino acid is abundant in liver extracts, 
little acetate carbon was incorporated into it. Less than 1 per cent of the 
C* on the paper was recovered in this compound, and at times the amounts 
of C“ in aspartate were too low for detection. 

No significant amount of activity was detected in any other amino acid 
with the possible exception of arginine. 

Urea—This compound contained usually about 1 per cent of the C™ 
on the paper. It is identified by spraying with p-aminodimethylbenzalde- 
hyde (11). Urea is formed by direct CO: fixation. 

6-Hydroxybutyric Acid—Ketone bodies are among the major products of 
acetate metabolism in liver slices. $-Hydroxybutyric acid was very promi- 
nent and contained from 25 to 40 per cent of the activity on the chromato- 
gram. Acetoacetate was apparently too labile for detection. 

Di- and Tricarboxylic Acids—Components of the Krebs cycle are found 
in low concentrations in liver. From Frohman’s extensive data (12), it 
can be estimated that 1 gm. of rat liver contains about 2 to 3 um of fuma- 
rate, about 0.5 um each of citrate, succinate, and malate, and less of the 
other acids. Even when the largest possible amount of material was chro- 
matographed, none of these acids was detected by spraying the paper with 
brom cresol green indicator.'° The activity found in these acids is also 
small, and for a more precise analysis of this fraction the acidified aqueous 
extract (Fraction A) was continuously extracted with ether, and the ether 
extract analyzed chromatographically. In this way, a much larger amount 
of acids can be placed on the paper. A radioautograph of such an ether 
extract is presented in Fig. 1, C. 

In fed rats, 5 to 10 per cent of the C™ on the paper is contained in di- 
and tricarboxylic acids. The composition of this fraction seemed to be 
quite variable but its main components were citric," malic, and succinic 


*With the solvent system used here, the glucose and glycine spots are almost 
perfectly superimposed, but, by elution and rechromatographing in several solvents, 
it was established that all the C™ activity resided in glucose. 

10 About 0.1 um per spot of an acid is required for detection by an indicator spray. 

"When C"'-citric acid was chromatographed, double and even triple spots were 
sometimes observed. It is suggested that such multiple spots are due to ester or 
lactone formation. In common practice such multiple spots are often overlooked, 
since the secondary spots are not readily detected by indicator spray but are detected 
when radioactive acids are used. Double spot formation in the case of hydroxy- 








ACETATE UTILIZATION IN TISSUE 


TaBLe III 


Comparison of C'* Composition of Medium and Slice 

ach vessel contained 1 gm. of rat liver slices in 5.5 ml. of Krebs-Ringer bicar. 
bonate buffer, approximately 80 um of sodium acetate, and approximately 30 ue. of 
C'. The gas phase was 95 per cent O» and 5 per cent CO; incubated for 3 hours at 
37°. The supernatant fluid was decanted and electrodialyzed. Liver slices were 
extracted with 6 ml. of hot water. 0.2 ml. of desalted buffer solution and 1.0 ml. of 
aqueous slice extract were used for chromatography. The results are expressed ag 
per cent of total counts per minute on chromatogram. The values are rounded off to 
nearest 0.5 per cent. 


Carboxyl-C™ 


Fraction chromatographed . . ee Medium Aqueous extract of 
Slices 
Per cent added C™ recovered in fraction 10.5 4.5 
Origin*. : oy aA 8 
Glutathione. . 0.5 5 
Glutamate groupt.... ” ; : 23 18.5 
Glucose. . 10 4.5 
Alanine. . 3 2 
Lactate...... 6 4.5 
Citrate...... 3 4 
Malate..... 6 2 
Succinate. ; 4 6 
Fumarate 0.5 
8-Hydroxybutyrate ; 28 29 
Urea..... “sf 3 1.5 
Compound 6*.. 3 5 7 
- es. E 7 6 
Others........ park <ees'e ies cohen BS | 1 1 
Total. . 100 100 


* The activity in the ‘“‘origin”’ as well as in spots 6 and 7 is mostly due to the arti- 
fact formation. See the text for details. 

t This represents the sum of the activities of glutamine, glutamate, and pyrroli- 
donecarboxylic acid. 


acids. a-Ketoglutarate was identified in a few chromatographs; it over- 
laps malate and is, when present, counted with it. Incorporation of small 


carboxylic acids, such as citric (13) and lactic acids (14), was noted by other investi- 
gators. Such multiple spot formation was not consistent, and the factors effecting 
this phenomenon were not studied. Thus, on some chromatograms the bulk of the 
radioactive citrate appears in the “middle spot” (9), but in others it appears in the 
“upper spot” (12A) just below that for malate (see Fig. 1, A and 1, C). The third 
(slow) citrate spot was observed only when large amounts of synthetic citrate were 
chromatographed. 
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amounts of C" into isocitric and cis-aconitic acids might have occurred, but 
their identity on the chromatograms was not fully established. 

Fumaric acid is present on the chromatograms but it contains very little 
activity. 

Artifact Formation—In preliminary work, two radioactive spots that 
gave a strong ninhydrin color reaction were observed (for instance, Spots 
§and 7 in Fig. 1,A). They were artifacts probably formed by condensation 
of glucose with either ammonia or amino acids when heat was used in the 
evaporation of the extracts. Such glucosylamines were recently described 
by Bayly et al. (15). Under the conditions described here, however, only 
traces of these compounds are formed. 

As a rule, no activity was found at the origin of the chromatograph. 
The use of excessive heat during the evaporation of the solution should be 
avoided since it results in fixation of C“ at the origin. 

Comparison of C™ Distribution in Medium and Liver Slices—When the 
slices alone are used for chromatographic studies, as described above for 
qualitative work, the extract obtained represents, to a great extent, the 
composition of the intracellular fraction. In Table III, the compositions 
of the slice extract and of the medium are compared. Both fractions vary 
little in their composition except for glucose and glutathione. The latter 
is almost absent from the medium and is probably all retained within the 
cells. On the other hand, glucose seems to be preferentially excreted by 
the slice into the medium. 

General Applicability of Chromatographic Method Described Here for Me- 
tabolic Studies—The procedures described above are applicable not only to 
acetate and liver slices. They have been used with success in the study of 
the metabolism of a variety of non-hepatic tissues and with substrates 
such as propionate, formate, lactate, and glucose. 

The procedures are time-consuming, but are much more rapid and con- 
venient than those involving the use of column chromatography, and pro- 
vide information on a larger variety of compounds. They can be adapted 
to much smaller amounts of tissue than those used here. 


SUMMARY 


1. A procedure that permits a comprehensive study of the utilization of 
C“ of C'-acetate in tissue slice experiments is described. The incorpora- 
tion of C'* into COs, lipides, and proteins, as well as twelve to fifteen water- 
soluble compounds, can be studied simultaneously. About 90 per cent of 
the applied C'*-carbon was accounted for in these compounds. 

2. The composition of the water-soluble fraction was studied by two- 
dimensional chromatography in conjunction with radioautography. A 
rapid method for electrolytic desalting of isotonic tissue extracts was de- 
veloped, involving no loss of organic constituents including organic acids. 
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3. In chromatograms of the water-soluble, non-volatile fraction, some 
twelve to fifteen radioactive compounds were detected and identified, and 
their activity assayed. The bulk of the C was present in B-hydroxy- 
butyrate, glucose, glutamine, and glutamic acid. Smaller amounts were 
found in glutathione, alanine, lactate, urea, succinate, malate, and citrate. 
Very little was incorporated into aspartate and fumarate. 

4. An appreciable amount of the applied acetate was incorporated into 
proteins, predominantly as glutamic acid. 
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NEURAMIN-LACTOSE, A NEW COMPOUND ISOLATED 
FROM THE MAMMARY GLAND OF RATS* 


By RAUL E. TRUCCO anp RANWEL CAPUTTOf 


(From the Instituto de Investigaciones Bioguimicas, Fundacién Campomar, Buenos 
Aires, Argentina, and the Department of Chemistry, The Ohio State University, 
Columbus, Ohio) 


(Received for publication, July 10, 1953) 


Chromatographic analysis of the carbohydrates extracted from the mam- 
mary gland of rats showed, besides the spots of glucose and lactose, those 
of two other carbohydrate derivatives (1). Malpress and Morrison (2) 
and Reithel et al. (3) have found components of similar chromatographic 
behavior in the mammary gland of guinea pigs. Also, in the extracts of 
a lactose-requiring strain of Lactobacillus bulgaricus, Rutter and Hansen 
(4) reported a lactose derivative which they suggest may be related to 
those isolated from mammary gland. The compounds found in the ex- 
tracts of rats are present in trace amounts, usually at concentrations 30 
times less than lactose; the yields obtained are of the order of 1 uM per rat, 
as reckoned from the saccharide moiety they contain. This paper deals 
with the study of one of these compounds, to be named neuramin-lactose 
to account for the fact that the only two components so far detected are 
neuraminic (or sialic) acid and lactose. 

Neuraminic acid was isolated by Klenk (5) in 1941, from the ganglioside 
fraction of brain lipide. There is general agreement (6, 7) that it is iden- 
tical with sialic acid isolated by Blix (8) in 1936 from submaxillary mucin 
and also with the prehemataminic acid obtained by Yamakawa and Suzuki 
((9); see also Klenk and Wolter (10)) from the hematoside fraction of red 
cell stroma. The structure of this acid still remains unknown. Elemen- 
tary analysis and equivalent determination of the acid isolated from the 
submaxillary mucin showed the composition CyH;0,N (11). It is iden- 
tified by the concurrence of several properties, among which of special 
importance are those of reacting with the Bial (giving purple color) and 
Ehrlich reagents, of forming humin compounds very readily in acid me- 
dium, and of evolving carbon dioxide on treatment with mineral acids. 


Isolation of Neuramin-Lactose 


The isolation and purification of neuramin-lactose, as previously sum- 
marized (1), yield a product that is only 50 per cent pure on the basis of its 


* This investigation was supported in part by a research grant (No. G-3442) from 
the National Institutes of Health, United States Public Health Service, and by 
the Rockefeller Foundation. 

t Fellow of the John Simon Guggenheim Memorial Foundation. 
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lactose and neuraminic acid content. By taking advantage of its solubility 
in methanol and precipitation from this solvent with ethyl] ether, a product 
was obtained in which the analysis of the two known components accounts 
for about 85 per cent of the total dry weight. When this material was dis. 
solved again in methanol and slowly concentrated, an impurity crystallized 
which was separated and the precipitation of neuramin-lactose repeated; 
the purity of this preparation was 88 per cent. Table I presents some 
analytical data of the products obtained. 


Acid Hydrolysis of Neuramin-Lactose and Identification of Lactose 


After our preliminary paper appeared (1), Malpress and Morrison (2) 
reported that they had observed similar compounds in the mammary 
glands of guinea pigs. However, they believed that adsorption of minute 


TaBLe [ 


Analysis of Some Preparations of Neuramin-Lactose 


Preparation Neuramin- si ae 7 Reducing power, ‘ 
No. lactose Lactose* Sialic acidt N cent of lactose” 
| mg. mg. mg. mole per mole lactose 
3 6.08 2.49 2.62 1.2 81.7 
5 5.09 2.10 | 2.28 1.12 82.8 
6 7.32 3.15 | 3.30 | 82.0 
| 


* Anthrone method. 
+ Bial’s method. 
t Somogyi-Nelson method. 


amounts of galactose and lactose phosphates on the slow moving com- 
pounds could account for the galactose found on hydrolysis, and they 
stated that galactose was not always found. Furthermore, they stated 
that the compound isolated from the guinea pig “remained practically 
unchanged by treatment with n hydrochloric acid for one hour at 100° C.” 
This indicates a definite difference from the compound isolated from the 
rat, since this is almost completely hydrolyzed in 3 minutes in 0.5 N sulfuric 
acid at 100°. If the products obtained in this 3 minute hydrolysis are 
run on paper, the displacement of the faster component agrees with that of 
lactose, and when hydrolysis is carried out for longer times it decomposes 
into glucose and galactose (Fig. 1). In order to verify quantitatively that 
glucose and galactose are in equal amounts and that they are liberated at 
the same rate, the spots belonging to the sugars in the chromatograms of 
the products of hydrolysis at different lengths of time were eluted after 
being developed. The indications of Aronson (12) for quantitative elution 
were followed, and the eluates were compared spectrophotometrically. 
The results are shown in Table II. 
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Confirmation that the spot behaving chromatographically like lactose 
is identical with it was achieved by comparing the quantitative behavior 
of this substance toward the anthrone (13) and the methylamine (14) 
reagents with that of a pure specimen of lactose. Both determinations 
agreed within less than 5 per cent at two concentrations. 
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Fic. 1. Chromatogram of the products of acid hydrolysis of neuramin-lactose. 
1, neuramin-lactose; 2, hydrolyzed neuramin-lactose; 3, sialic acid; 4, mixture of 
glucose, galactose, and lactose. 


Identification of Neuraminic Acid 


The property of neuramin-lactose of producing humin compounds very 
readily in acid medium and its reaction with p-dimethylaminobenzaldehyde 
without previous treatment with alkali were the first indications of the 
presence of neuraminic or sialic acid. This was confirmed by comparing 
neuramin-lactose with a preparation of ganglioside in the reaction with 
Bial’s reagent according to the technique of Klenk and Langerbeins (15). 
Fig. 2 shows the spectra produced by both substances. The same pro- 
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cedure was repeated with sialic acid (from submaxillary mucin) and neura- 
min-lactose but according to the technique of Werner and Odin (16). As 
is shown in Fig. 2, the spectra of the reaction products are different when 
the reaction is run at 148° (Klenk and Langerbeins’ procedure) than when 
it is run at 108° (Werner and Odin’s procedure), but in both cases neuramin- 
lactose reacts as ganglioside or sialic acid. The same coincidence of spectra 
was observed with the p-dimethylaminobenzaldehyde and the diphenyl- 
amine reactions (16). The reaction with p-dimethylaminobenzaldehyde 
was not enhanced by previous treatment with sodium bicarbonate, with 
or without acetylacetone (Morgan and Elson reaction (17)). 


TaBLe II 
Rate of Hydrolysis of Neuramin-Lactose 
The products of the hydrolysis after being neutralized were run on paper, sprayed, 
and extracted according to Aronson (12). The figures are the spectrophotometer 
reading (wave-length 400 my) of the eluates taken in 3 ml. 
Time of hydrolysis 


Rglucose of spot — -_ _— — 


0 min. 5 min. 20 min. 1 hr. 2 hrs. 
0.27* 0.245 
0.52-0.53t 0.198 | 0.105 | 
0.87-0.89t 0.012 0.065 0). 207 0.180 


1.0 0.015 0.075 | 0.180 0.185 





* R jiucose Of neuramin-lactose 0.28. 
tT Rjucose Of lactose 0.54. 
t Reiucose Of galactose 0.90. 


Sialic acid from submaxillary mucin and from neuramin-lactose was run 
on paper with ethyl acetate-pyridine-water as solvent and sprayed with 
‘the benzidine-trichloroacetate (TCA) reagent. Similar Rgjucose values 
(0.56 and 0.58 respectively) were obtained with both. Both give blue 
colors when sprayed with benzidine-TCA and aniline-phthalate, and the 
colors appear very slowly in relation to those of the sugars. 

The intensity of the anthrone reaction of neuraminic acid is less than 
5 per cent of that of the lactose isolated from the same aliquot of neuramin- 
lactose. This casts some doubt on the idea expressed by Blix that neura- 
minic acid is a disaccharide. Neuraminic acid is entirely responsible for 
the darkening process which occurs when neuramin-lactose is heated in 0.5 
N sulfuric acid. The possibility of an interaction between both components 
was investigated, but practically no difference was found when neuraminic 
acid was heated alone or with the addition of lactose. The ultraviolet 


spectra of the products show that besides the darkening process another 
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one occurs producing a peak at 265 my (Fig. 3). This reaction was used 
in earlier studies to detect the presence of neuramin-lactose. 


Some Properties of Neuramin-Lactose 


4 quantitative determination of the reduction of the Somogyi reagent 
by neuramin-lactose was made and related to its lactose content as deter- 
mined by the anthrone method. It was found that neuramin-lactose has 
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Fic. 2. Comparison of spectra of the products of the reactions of Bial’s reagent 
with neuramin-lactose, sialic acid, or ganglioside. Upper section, reaction carried 
out according to Werner and Oldin (16). Lower section, reaction carried out ac- 
cording to Klenk and Langerbeins (15). N-L, neuramin-lactose; S-A, sialic 
acid; G, ganglioside. 
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a reducing value corresponding to 82.8 per cent of that of an equivalent 
amount of lactose. Neuraminic acid, on the other hand, exhibits a reduc- 
tion equivalent to 15 per cent of lactose. On the basis of these figures we 
make the preliminary assumption that the reducing group of lactose is free 
in neuramin-lactose or is bound in an alkali-labile union. 

The titration curve of neuramin-lactose (Fig. 4) shows one acid and one 
basic group. The pK, 2.08 of the acid group is stronger than the value 2.6 
given by Blix and Werner (cited by Werner (18)) for the free sialic acid. 
The basic group has a pK, of 8.95. Above pH 10.2 another titratable 
group seems to be indicated, but, as is apparent from the lower curve for 
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lactose (Fig. 4), it is probably due to the alkaline decomposition of the 
disaccharide moiety. 

Only 1 atom of nitrogen per molecule of lactose was found in neuramin. 
lactose. It is now proved that this nitrogen is part of the neuraminic 
acid. The presence of fatty acids was investigated in preparations of 


neuramin-lactose eluted from paper and was found to be less than 03 | 
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Fig. 3. Ultraviolet spectra of neuramin-lactose and its products of hydrolysis, 
before and after treatment in acid medium. Curve 1, lactose; Curve 2, neuramin- 
lactose; Curve 3, neuraminic acid from neuramin-lactose; Curves la, 2a, 3a, the same 
after being heated during 3 hours at 100° in 0.5 N sulfuric acid. Concentration, 
0.25 X 10-3 M. 


equivalent of acid per mole of lactose. As this determination is rather 
demanding of material, it was not repeated, but spraying the chroma- 
tograms with acid-base indicator did not reveal acid compounds. The 
search for the phosphate group in several preparations of neuramin-lactose 
gave consistently negative results. 


EXPERIMENTAL 


Isolation and Purification of Neuramin-Lactose—The rats used were 
between the 15th and the 19th days of lactation and were kept with their 
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litters until they were killed. Only the inguinal glands were used; they 
were frozen immediately after being excised. 

An amount of 20 gm. of glands was extracted in a Waring blendor with 
4 volumes of cold 5 percent TCA. The suspension was centrifuged in the 
cold (15 minutes, 4°, 2500 r.p.m.), and, when decanted, care was taken to 
separate the solid lipide layer formed on top of the aqueous phase. The 
extract (82 ml.) was then washed three times with ether in order to remove 
the TCA. After neutralization (pH 7, bromothymol blue) the remaining 
ether was eliminated by evaporation in a boiling water bath and the ex- 
tract was passed through ion exchange resins. Cationic (Dowex 50, in the 
acid form) and anionic (Amberlite IR-4B as free base) resins were used 
successively in columns of 0.5 X 0.10 cm. (rate of flow 0.5 ml. per minute). 
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Fig. 4. Titration curve of neuramin-lactose. N-L, neuramin-lactose; L, lactose 


The acid solution delivered by the cationic resin was kept refrigerated and 
passed as soon as possible by the anionic resin. 

To obtain neuramin-lactose and the substance provisionally called 
Substance E (1) free from glucose and lactose, the deionized solution was 
fermented with Saccharomyces fragilis (obtained as previously described 
(19)). An amount of 135 ml. of the carbohydrate solution was fermented 
with 4 gm. of yeast during 6 hours. If necessary, the fermentation can be 
prolonged, since there is no indication that the yeast becomes adapted to 
attack either neuramin-lactose or Substance E under anaerobic or aerobic 
conditions. S. fragilis was eliminated by centrifugation and the solution 
concentrated in porcelain dishes at about 80°. Neuramin-lactose was then 
separated from Substance E by chromatography with ethyl acetate-pyri- 
dine-water as solvent. Butanol-acetic acid or ethyl acetate-water-acetic 
acid did not separate neuramin-lactose from Substance E. Phenol satu- 
rated with water achieves a good separation, but produces considerable 
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decomposition of the compounds. Pooled eluates of the respective zones 
of the paper were examined to detect contaminations between neuramin. 
lactose and Substance E, and, when necessary, they were rechromato. 
graphed. 

The eluate of neuramin-lactose (5.3 ml.) was dried over Drierite in ap 
evacuated desiccator and dissolved in 2 ml. of methanol. The insoluble 
part was discarded and the supernatant fluid was precipitated with 3 
volumes of ethyl ether. The precipitate was washed with ethanol and 
acetone and dissolved again in 0.5 ml. of methanol; the solution was then 
reprecipitated and washed with ether and dried over phosphorus pentoxide 
in an evacuated desiccator (yield 5.09 mg.). The white powder obtained 
from three batches prepared as described was pooled in about 1.5 ml. of 
methanol and allowed to evaporate very slowly in a partially closed cen. 
trifuge tube. When the supernatant fluid was about 0.4 ml., it was sepa- 
rated from the crystals formed and the neuramin-lactose precipitated 
again from the supernatant fluid by adding ether. 

Preparation of Ganglioside—This was obtained from beef brain by the 
method of Klenk and Langerbeins (15) and Klenk (20). A yellowish 
powder was obtained, the solubility of which agreed with that described for 
ganglioside. Its phosphorus content was less than 1 per cent, but its 
purity, according to the determination of neuraminic acid, was about 30 
per cent. 

Preparation of Sialic Acid—This was obtained from beef submaxillary 
mucin according to the method of Blix (8). The material crystallized 
once, when run on paper, showed a small amount of a faster moving com- 
ponent which was eliminated. 

Analytical and Chromatographic Methods—Carbohydrates were deter- 
mined by the anthrone method according to-Trevelyan and Harrison (13) 
or by reduction with the Somogyi (21) copper reagent and the arsenomolyb- 
date color reagent of Nelson (22). Nitrogen was determined by the 
Kjeldahl procedure. The chromatographic solvents employed were ethy! 
acetate-pyridine-water (10:5:6, equilibrated at 30°, top layer used) and 
phenol saturated with water. The paper was sprayed with benzidine- 
TCA (23), aniline-phthalate (24), and silver nitrate (2 m AgNOs, 1 volume; 
28 per cent NH;, 1 volume; 95 per cent ethanol, 10 volumes). For pre- 
parative chromatography the papers were washed successively with 25 
per cent acetic acid and distilled water. 

Acid Hydrolysis—Acid hydrolysis was accomplished in 0.5 or | N sulfurie 
acid at 100°. After the specified times, the solutions were cooled in an 
ice bath and the sulfuric acid was eliminated with the required amount of 
barium hydroxide. 

Titration Curve—An amount of 19 um of neuramin-lactose in a total 
volume of 0.5 ml. was taken to pH 1 with 2 Nn HCl and then titrated with 4 
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n NaOH by using an ultramicro burette (A. 8. Aloe Company, St. Louis, 
Missouri). The amounts of acid or base bound were calculated from the 
values of h as defined by Cannan (25). 


The authors are very much indebted to Dr. B. A. Houssay and Dr. L. 
F. Leloir of Buenos Aires and to Professor M. L. Wolfrom of The Ohio 
State University for their continued support of this work. 


SUMMARY 


The isolation of a new lactose derivative from the mammary gland of 
rats is described. It has been named neuramin-lactose to account for 
the fact that the only two components so far detected are neuraminic 
(or sialic) acid and lactose. These two components account for 88 per 
cent of the dry weight of the best preparation obtained. 
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CARBOXYL TERMINAL GROUPS OF PROTEOLYTIC 
ENZYMES 


II. CHYMOTRYPSINS* 


By JULES A. GLADNER{ anp HANS NEURATH 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, September 18, 1953) 


In Paper I of this series (2), the effects of carboxypeptidase on chymo- 
trypsinogen and on diisopropylphosphory] a-chymotrypsin' were described, 
and it was concluded that chymotrypsinogen was devoid of C terminal 
groups, whereas DIP a-chymotrypsin contained two such groups, tenta- 
tively identified as leucine and tyrosine. In the present work, these studies 
were extended to the diisopropylphosphory] derivatives of two other crys- 
talline activation products of chymotrypsinogen, namely §- and y-chymo- 
trypsin. The active enzymes, first described and crystallized by Kunitz 
(3), presumably result from limited autolysis of the a form. a- and y- 
chymotrypsin behave as separate components in solubility tests (3), but 
the molecular weights of all three enzymes, as calculated from combining 
ratios with DIFP (4), are of the same order, as are the sedimentation con- 
stants of a- and y-chymotrypsins (5). All three enzymes have qualita- 
tively similar substrate specificities (3). 

In addition to these enzymes, two related proteins, chymotrypsinogen 
B and chymotrypsin B (the latter in the presence of DIFP), have been 
subjected to the action of carboxypeptidase. These proteins differ from 
the corresponding a forms in details of isolation (6) and solubility and 
electrophoretic properties (7), but not in molecular weight (8). The active 
enzymes, chymotrypsins a and B, are active toward the same synthetic 
substrates (9), but act to different degrees on protein substrates (6). 

It was previously noted that hydrolysis of DIP a-chymotrypsin (2), as 
of some other protein substrates (10), by carboxypeptidase gives rise to 
fractional stoichiometric quantities of some amino acids. In an attempt 
to elucidate this phenomenon, the possible effects of enzyme exhaustion 
and substrate or product inhibition on the hydrolysis of DIP a-chymotryp- 


* Presented im part before the Forty-fourth annual meeting of the American So- 
ciety of Biological Chemists at Chicago, Illinois, April 6-10, 1953 (1). 

t Predoctorate Fellow of the United States Public Health Service. Present 
address, Department of Biology, Division of Biochemistry, Massachusetts Institute 
of Technology, Cambridge, Massachusetts. 

‘The abbreviation DIP is used to denote diisopropylphosphoryl derivatives; 
DIFP, the reagent diisopropyl fluorophosphate; DEP, diethylphosphoryl deriva- 
tives; and DENP, the reagent diethyl p-nitrophenyl phosphate. 
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sin were determined. As a further objective of this investigation, the 
effects of enzymatic modification of dialkylphosphoryl a-chymotrypsin op 
the sedimentation characteristics and on the reconversion to the active 
form (11) were investigated. 


EXPERIMENTAL 
Materials and Methods 

DIP a-chymotrypsin was prepared as described previously (2). It was 
noted that boat-shaped crystals were obtained when, prior to crystalliza- 
tion, the protein was precipitated by 0.7 saturated ammonium sulfate at 
pH 7.8. However, when this step was carried out at pH 4, subsequent 
crystallization yielded exclusively the diamond-shaped crystals characteris. 
tic of native a-chymotrypsin (12). 

DIP. B- and DIP y-chymotrypsin were prepared from the corresponding 
crystalline active enzymes according to the procedure described by Jan- 
sen and Balls (4). The active enzymes were prepared by limited autolysis 
of crystalline a-chymotrypsin, as described by Kunitz (3). Some of the 
experiments described below were carried out with a preparation of DIP 
8-chymotrypsin kindly placed at our disposal by Dr. E. F. Jansen of the 
Western Regional Research Laboratory, Albany, California. 

Chymotrypsinogen B and chymotrypsin B were kindly furnished as salt- 
free samples by Dr. M. Laskowski of Marquette University. These pro- 
teins, four and one times recrystallized, respectively, were used without 
any further purification. Owing to the limited amounts available, it was 
not possible to prepare the crystalline DIP derivative of chymotrypsin B, 
Instead, a 2-fold molar excess of 0.1 m DIFP in isopropanol was added in 
the cold to a solution of the protein in 0.01 m phosphate buffer, pH 7.7, 
and allowed to stand for 42 hours in the cold,:resulting in practically com- 
plete inactivation when tested against acetyl-L-tyrosine ethyl ester as sub- 
strate (13). The inactive protein was then precipitated by adjustment of 
the solution to pH 5, washed several times with distilled water, and finally 
dissolved at pH 3.0. This solution was exhaustively dialyzed against 0.001 
N hydrochloric acid in the cold and used for enzymatic experiments as 
described below. 

DEP a-chymotrypsin was prepared and crystallized according to the 
method of Cunningham and Neurath (11).2. This involved the addition of 
diethyl p-nitrophenyl phosphate’ in isopropanol to a solution of salt-free 
a-chymotrypsin in 0.02 m phosphate buffer, pH 7.8. After standing for 

? This method will be described in detail in a forthcoming publication (L. W. Cun- 
ningham, Jr., in preparation). 

§ Obtained through the courtesy of Dr. 8. A. Hall of the Bureau of Entomology 
and Plant Quarantine, Agricultural Research Administration, Beltsville, Maryland. 
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30 minutes at room temperature and for 60 hours in the cold, the inactive 
DEP a-chymotrypsin was crystallized and twice recrystallized, essentially 
under the conditions described for the active enzyme (12). The protein 
was then dialyzed against 0.001 N hydrochloric acid and lyophilized. 

Carboxypeptidase was prepared from freshly collected pancreatic juice‘ 
and recrystallized seven times (14, 15). 

The methods of enzymatic hydrolysis in the presence of added DIFP and 
of semiquantitative determination of liberated amino acid by adsorption 
onto and elution from ion exchange resin, followed by paper chromatogra- 
phy, were those previously described (2). In the majority of chromato- 
graphic experiments, butanol-acetic acid-water (4:1:5) was used as de- 
scending solvent system (16), but amino acids possessing similar Ry values 
in this solvent were resolved by ascending chromatography with phenol- 
water (ammonia) as solvent. The same ninhydrin spray previously de- 
scribed (2, 17) was used. 


Results 
Effect of Carboxypeptidase on DIP B- and y-Chymotrypsins 


Solutions of these protein substrates were first dialyzed against 0.001 
n hydrochloric acid and then treated with DIFP prior to digestion by car- 
boxypeptidase (2). Substrate-enzyme mole ratios were maintained at 20 
for both substrates. Since identical results were obtained for the hydroly- 
sis of the 8 and y derivatives, only those for the latter are shown in Fig. 1, 
which represents a chromatogram of amino acids liberated after various 
times of incubation of substrate and enzyme. These results bear some 
resemblance to those previously described for DIP a-chymotrypsin; leucine 
and tyrosine were the main reaction products, 1 mole of each per mole of 
substrate being maximally liberated, though at a faster rate (5 minutes as 
compared to 20 to 30 minutes). However, in contrast to the a form, the 
8 and y derivatives yielded also aspartic acid, asparagine, traces of phenyl- 
alanine, and more serine and less glycine than were liberated from DIP 
a-chymotrypsin. The major and minor hydrolysis products resulting after 
4 hours of incubation of the DIP derivatives of 8- and y-chymotrypsin 
with carboxypeptidase are summarized in Table I. 

Chymotrypsinogen B (containing 3 per cent active chymotrypsin) was 
dissolved, dialyzed, treated with DIFP as previously described, and incu- 
bated with carboxypeptidase (substrate-enzyme mole ratio, 20). The 
spectrum of amino acids liberated after various periods of hydrolysis is 
shown in Fig. 2, and the amounts of amino acids maximally obtained are 
given in Table II. In contrast to chymotrypsinogen (2), this protein 

‘We are indebted to Armour and Company, Chicago, Illinois, for a supply of 
freshly frozen beef pancreas glands. 
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Fig. 1. Descending paper chromatogram of the reaction products resulting from the in- 
cubation of DIP y-chymotrypsin and carboxypeptidase (substrate-enzyme mole lratio, 20) for 
various time periods. The first and second columns represent substrate and enzyme con- 
trols; the succeeding columns, the amino acids liberated after the times (in minutes) indi- 


graphs of the chromatogram were used to judge spot intensities. 


cated at the top. Not shown are spot dilutions of the known amino acids (last column). 
This photograph, as well as those of Figs. 2 and 3, was made from an artist’s drawing; the 
original chromatogram was used to record Rr values and spot areas, and colored photo- 
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yielded several amino acids, leucine and tyrosine being the major products, 
liberated in maximal quantities of 0.2 and 0.6 moles per mole of substrate. 
The estimate for tyrosine is subject to greater than the usual error of +10 
per cent, since the corresponding spot on the chromatogram was markedly 
streaked. The only other amino acid appearing in quantitatively signifi- 
ant amounts was alanine. 

Chymotrypsin B— The preparation of an enzymatically inactive substrate 
solution has been described above. Incubation with carboxypeptidase 
(substrate-enzyme mole ratio, 20) for periods up to 4+ hours revealed, as 
in the case of chymotrypsinogen B and of the other DIP chymotrypsins, 


TaBLe I 
Comparison of Amino Acids Liberated after 4 Hours Incubation of Carboxypeptidase 
with DIP a-, DIP B-, and DIP y-Chymotrypsin 
Substrate-enzyme mole ratio, 20. 


Equivalents per mole substrate 
Amino acid 


a* B Y 
Leucine 1.0 1.0 1.0 
Tyrosine 1.0 1.0 1.0 
Glycine 0.4 0.17 0.15 
Serine 0.1. 0.2 0.1, 
Aspartic acid + 0.1, 0.1; 
Asparagine ? 0.05 0.05 
Phenylalanine 0 + f. 


+ denotes amounts too small to be estimated; ? denotes questionable occurrence. 
* Differences between these values and those previously reported (2) derive from 
the use of paper rather than column chromatography (2). 


leucine and tyrosine as the major reaction products; these attained maxi- 
mal concentrations after 30 and 15 minutes of incubation, respectively. 
The spectrum of liberated amino acids, also listed in Table II, was strik- 
ingly similar to that of chymotrypsinogen B, differing significantly only in 
yields of leucine, tyrosine, and glycine. While the limited amounts of 
available material, insufficient for the preparation of the crystalline DIP 
derivative, precluded a more definitive analysis, the difference between 
the chymotrypsins B and a in respect to asparagine, phenylalanine, serine, 
and glycine is significant. 


Multiple Hydrolysis of DIP a-Chymotrypsin 


It was previously reported that carboxypeptidase liberates from DIP 
a-chymotrypsin non-stoichiometric quantities of certain amino acids, e.g. 
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0.43 and 0.18 equivalents of glycine and serine, respectively, even though 
the reaction appeared to have reached completion (2). In an attempt to 


clarify this phenomenon, experiments were undertaken which included re- 
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Fig. 2. Descending paper chromatogram of the reaction products resulting from 
the incubation of chymotrypsinogen B and carboxypeptidase (substrate-enzyme mole 
ratio, 20) after various times of incubation (in minutes). For further details, see 
the text and the legend to Fig. 1. 


peated addition of carboxypeptidase to the enzyme-substrate mixture (a) 
in the presence of reaction products and (b) after removal of previously 
reacted enzyme and of non-protein reaction products. 

Repeated Addition of Carboxypeptidase in Presence of Reaction Products 
Protein substrate and enzyme (mole ratio, 20) were incubated in the usual 
manner for a period of 4 hours, and an aliquot was removed for amino acid 
analysis. To the bulk of the solution an additional quantity of carboxy- 
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peptidase was added, calculated to yield a mole ratio of 1:20 with respect 
to the remaining modified substrate, and incubation was continued for an 
additional 4 hour period. Aliquots were removed after various time inter- 
vals and subjected to chromatographic amino acid analysis on paper. The 
results showed that no further hydrolysis had occurred after the second 
addition of carboxypeptidase. 

Repeated Addition of Carboxypeptidase in Absence of Non-Protein Reac- 
tion Products—In this series of experiments, DIP a-chymotrypsin and car- 
boxypeptidase were incubated for 4 hours, and an aliquot was removed for 


TABLE II 


Equivalents of Amino Acids per Mole of Substrate, Maximally Liberated by 
Carborypeptidase from Chymotrypsinogen B and Chymotrypsin B 
: (in Presence of DIFP) 
Substrate-enzyme mole ratio, 20. 


Amino acid Chymotrypsinogen B Chymotrypsin B 

Lysine : + 0.05; 
Asparagine 0.05 0.0; 
Aspartic acid* 5 zs =. 
Serine* 3 - 

Glycine*.... , 0.05; 0.0 
Threonine. . “<2 0.0; Zz. 
Alanine.... es 0.1, 0.1, 
Tyrosine ane 0.60 1.00 
Valine 0.03 0.04 
Phenylalanine ; a 0.03 
Leucine ‘ 0.20 0.50 


+ denotes amounts too small to be estimated; T., very faint traces. 
* Resolved in phenol-water (ammonia) solvent system. 


analysis. The remainder of the mixture was rapidly adjusted to pH 3 
by the addition of hydrochloric acid, to terminate the reaction, and stored 
in the cold for 15 hours to effect denaturation and precipitation of carboxy- 
peptidase. The solution was then dialyzed against 0.001 N hydrochloric 
acid for 48 hours to remove free amino acids liberated during the enzy- 
matic reaction, filtered, and then treated and subjected in the usual manner 
to a second cycle of enzymatic hydrolysis. Aliquots were removed after 
various time intervals up to 4 hours, and, at the end of the second cycle 
of hydrolysis, the procedure just described for removal of enzyme and non- 
protein reaction products was repeated prior to a third cycle of incubation 
with freshly added carboxypeptidase (substrate-enzyme mole ratio of 20 in 
each cycle). 
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The results obtained after the first cycle were exactly as previously de- in bi 
scribed (2). These may be compared to those obtained after the second sign 
cycle, illustrated in Fig. 3. It is apparent that additional quantities of solu 
amino acids have been liberated, corresponding, approximately, to 0.35 a ba 
leuc 
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Fic. 3. Descending paper chromatogram of the reaction products resulting from a second the 
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ther details, see the text and the legend to Fig. 1. th 
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, , : , sic 
equivalent each of glycine, serine, and leucine. In marked contrast to the 
first cycle, tyrosine was entirely absent from the reaction products, and 
serine and glycine were the first amino acids to appear, whereas leucine 
began to make its appearance only after the liberation of approximately 
0.2 equivalent of serine and glycine. D 
The results obtained with the third cycle of enzymatic hydrolysis are bes 


presented in Table III, together with data for the second cycle. While ™ 
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in both cycles, serine, glycine, and leucine are the only stoichiometrically 
significant reaction products, the relative rates of appearance and the ab- 
solute quantities liberated are different in each cycle. Table IV represents 
a balance of the total equivalents of the four amino acids, glycine, serine, 
leucine, and tyrosine, maximally liberated after each cycle of enzymatic 


TaB.Le III 


Equivalents of Amino Acids per Mole of Substrate Liberated during Second 
and Third Cycles of Hydrolysis of Modified DIP a-Chymotrypsin 
by Carboxypeptidase* 


Second cycle Third cycle 
Amino acid 
0.7 5 15 60 120 240 0.7 30 60 120 240 
min. min min min min. min. min. min. min. min min. 


Glycinet.. 0.05 0.03 0.0, O.1g | 0.27 | 0.36 0.02! 0.03; 0.03 0.0; 0.05 
Serinet 0.0; 0.07 0.09 O.1s 0.27 0.36 0.06 | O.19 0.29 0.25 0.36 
Leucine 0.0; 0.0; 0.0; 0.09 0.15 0.36 | 0 0.0; 0.0, O.1g 0.2; 


* Trace quantities of threonine, alanine, and valine, too small to be estimated, 
were also present. 
t Resolved in phenol-water (ammonia) solvent system. 


TaBLe IV 


Equivalents of Amino Acids Liberated per Mole DIP a-Chymotrypsin per Cycle 


Cycle Glycine | Serine Leucine Tyrosine 
hs 0.46 O.le 1.0 1.0 
2 0.36 0.36 0.36 0 
3 0.05 0.36 0.27 0 
Total 0.85 0.78 1.63 1.0 


* Differences between these values and those previously reported (2) derive from 
the use of paper rather than column chromatography (2). 


hydrolysis. ‘The significance of these data and their possible relation to 
the C terminal amino acid sequence in DIP a-chymotrypsin will be con- 
sidered in the discussion. 


Sedimentation Analysis of Enzymatically Modified DIP a-Chymotrypsin 


Since previous studies had shown (18-20) that a-chymotrypsin and its 
DIP derivative exist in a monomer-dimer equilibrium which is dependent 
on pH and protein concentration, it was of interest to determine the sedi- 
mentation characteristics of the enzymatically modified protein after each 
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cycle of hydrolysis. Conditions were chosen at which the protein exhibited 
sedimentation behavior approaching that of the dimer; 7.e., acetate buffer 
(0.02 m acetate, 0.18 m NaCl), pH 3.86 + 0.04 (18, 19). Three concentra- 
tions each of the unmodified protein and of the once, twice, and three times 
hydrolyzed protein substrate were subjected to sedimentation in the Spinco 
model E ultracentrifuge at 59,780 r.p.m., as previously described (21), 
The calculated sedimentation constants were corrected for solvent viscosity 
and temperature (s2,~) and were plotted against protein concentration as 
shown in Fig. 4. It is apparent that, under these conditions, the enzymati- 
cally modified proteins show the behavior characteristic of a monomer, the 
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Fic. 4. A plot of the sedimentation constants of various chymotrypsins against 
protein concentration, pH 3.86 and ionic strength 0.2. 0, native a-chymotrypsin 
(data of Schwert (5)); A, DIP a-chymotrypsin; @, enzymatically modified DIP 
a-chymotrypsin after one cycle of hydrolysis; @, enzymatically modified DIP a- 
chymotrypsin after two cycles of hydrolysis; @ , enzymatically modified DIP a-chy- 
motrypsin after three cycles of hydrolysis. 


- sedimentation constants being the same after one, two, or three cycles of 

hydrolysis. These results are in contrast to those obtained for the unal- 
tered protein, which agree favorably with those reported for active a- 
chymotrypsin (18, 19). All sedimentation patterns of the modified pro- 
tein, when viewed through the schlieren lens system of the ultracentrifuge 
and recorded on photographic plates, had a single perfectly symmetrical 
peak during all periods of the runs. It appears, therefore, that the re- 


moval of one or both C terminal groups of DIP a-chymotrypsin destroys 
the ability of the protein to dimerize. 


Reactivation of Enzymatically Modified DEP a-Chymotrypsin 


Preliminary experiments have been carried out on the effect of enzy- 
matic modification on the biological activity of a-chymotrypsin. Since 
DIP a-chymotrypsin is just barely reactivated by hydroxylamine, in con- 
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trast to the diethylphosphoryl derivative which lends itself to approxi- 
mately 40 per cent reactivation (11), crystalline DEP a-chymotrypsin was 
used in these experiments. For purposes of hydrolysis by carboxypepti- 
dase, the protein substrate was treated in the usual manner, DIFP being 
added to suppress residual chymotryptic activity, and then incubated with 
carboxypeptidase (substrate-enzyme mole ratio, 20) for 4 hours. The typ- 
ical spectrum of liberated amino acids was obtained. The bulk of the so- 
jution was then adjusted to pH 3, exhaustively dialyzed against 0.001 N 
hydrochloric acid, and filtered, and, after lyophilization, the protein was 
subjected to reactivation by 2 N hydroxylamine (11). Enzymatic assay in 
tris(hydroxymethyl)aminomethane buffer, pH 7.8, containing 0.08 m CaCl, 
with acetyl-L-tyrosine ethyl ester as substrate (13), indicated that the en- 
zymatically modified protein could be reactivated to the same extent as 
the parent DEP a-chymotrypsin, suggesting that the groups removed by 
carboxypeptidase were not concerned with enzymatic activity. 


DISCUSSION 


The diisopropylphosphory] derivatives of a-, B-, and y-chymotrypsins are 
markedly similar in their response to carboxypeptidase. The major hy- 
drolysis products after 4 hours of hydrolysis are leucine and tyrosine, sug- 
gesting that, in all three instances, these amino acids occupy C terminal 
positions. However, the 8 and y derivatives differed significantly from 
the a form in the rate of appearance of the major hydrolysis products 
(leucine and tyrosine) and in the yield of minor products (glycine, serine, 
aspartic acid, asparagine, and phenylalanine) resulting after one cycle of 
hydrolysis. Though all three forms of chymotrypsin have been reported 
to contain the same N terminal groups, 7.e. isoleucine and alanine (22), it 
remains to be determined whether the present findings reflect differences 
in the amino acid sequence or in configurational details, or in both, of the 
C terminal portions of the constituent polypeptide chains. In any event, 
on the basis of the present findings, the 8 and y forms of DIP chymotrypsin 
may be regarded as different crystalline modifications of otherwise identi- 
eal proteins. 

While there is little doubt that chymotrypsinogen B and chymotrypsin 
B differ from each other and from the corresponding a components, the 
present results of end-group analysis cast some doubt on the molecular 


5 The release of additional quantities of amino acids during a second and third 
cycle of enzymatic hydrolysis of DIP a-chymotrypsin was observed after the present 
experiments with limited available amounts of DIP 8- and y-chymotrypsin and with 
chymotrypsinogen B and chymotrypsin B were concluded. Further experiments 
involving multiple hydrolysis of these substrates by carboxypeptidase are being 
carried out. 
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homogeneity of the preparations under investigation. As shown in Table 
II, chymotrypsinogen B yielded after one hydrolysis cycle 0.2 and 04 
moles of leucine and tyrosine, respectively, per mole of protein substrate 
in contrast to a-chymotrypsinogen which is completely unreactive toward 
carboxypeptidase. Chymotrypsin B yielded 0.5 and 1.0 moles of the same 
amino acids, in contrast to | equivalent of each liberated under the same 
conditions from DIP a-chymotrypsin. Further analytical studies are re. 
quired before these results can be interpreted in molecular terms. 

The results of the multiple hydrolysis of DIP a-chymotrypsin by car. 
boxypeptidase clarify in part the problem of the liberation of non-stoi- 
chiometric quantities of amino acids, considered elsewhere (10) in more gen- 
eral terms. Since no further hydrolysis occurred after the fresh enzyme 
was added, it is evident that inactivation of the enzyme was not a limiting 
factor. This conclusion is in full accord with previous findings that, at 
the end of the reaction, carboxypeptidase was fully active toward carbo- 
benzoxyglycyl-L-phenylalanine (2). 

Since the products of the second and third hydrolysis cycle differed from 
those of the first in the complete absence of free tyrosine, it is possible that 
this aromatic amino acid (23) has a retarding effect on the action of car- 
boxypeptidase on a-chymotrypsin, a hypothesis which is now being sub- 
jected to experimental tests. 

Since glycine, serine, and leucine are the only amino acids which appear 
in measurable amounts after the first cycle of hydrolysis, it is probable 
that they occupy positions adjacent to one of the C terminal groups 
of DIP a-chymotrypsin. The tentative sequence of leucyl-seryl-glycyl- 
(leucine or tyrosine) is suggested by the following findings. First, glycine 
is the first of the minor hydrolysis products to approach stoichiometric 
equivalence after removal of C terminal groups (see Table IV). Second, 
the liberation of serine is the rate-determining step for the liberation of 
leucine in the second and third cycles, indicating the presence of a second 
leucine residue, internal to serine. At no time during the enzymatic reac- 
tions did the quantity of this second leucine exceed that of serine. Leu- 
cine liberated during the second and third cycles is evidently of different 
origin from that found in the first cycle, since the latter reached 1 equiva- 
lent within the first 30 seconds, remaining constant up to 4 hours of hy- 
drolysis. 

The extrapolated sedimentation constant of 2.46 S obtained for the en- 
zymatically modified DIP a-chymotrypsin is strongly indicative that under 
the conditions of these sedimentation analyses the protein exists exclu- 
sively asa monomer. This value is in excellent agreement with the value 
of 2.5 S obtained, by extrapolation, for the monomeric form of native a- 
chymotrypsin (5). The implication of this experimental result is, there- 
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fore, that dimerization of a-chymotrypsin occurs via one or both of the C 
terminal groups. It is of interest that this is the first time polymerization 
of a protein has been directly correlated with specific constituent groups. 
It is also worthy of note that these very groups are not responsible for the 
enzymatic activity of chymotrypsin, since enzymatically modified DEP 
a-chymotrypsin is subject to reactivation to the same extent as the parent 
undegraded protein. Taken together, these two sets of findings substanti- 
ate the belief (5) that the monomer is the enzymatically active form of a- 
chymotrypsin. 


The authors wish to express their thanks to Mr. Roger D. Wade for per- 
forming the sedimentation analyses, to Mrs. Helen Halsey for preparing 
the drawings for Figs. 1, 2, and 3, and to Mr. Jack Newby for preparing 
colored photographs of the paper chromatograms. This work has been 
supported by a grant from the United States Public Health Service. 


SUMMARY 


Previous studies on the effects of carboxypeptidase on proteolytic en- 
zymes were extended to a comparison of the following substrates: the di- 
isopropylphosphory] derivatives of a-, 6-, and y-chymotrypsin, chymotryp- 
sinogen B, and chymotrypsin B. The results indicate that 6- and y- 
chymotrypsins are indistinguishable from each other by end-group analysis, 
but differ from the @ form in minor details. Chymotrypsinogen B and 
chymotrypsin B differ in their response to carboxypeptidase from each 
other and from the corresponding a forms. 

The multiple action of carboxypeptidase on DIP a-chymotrypsin gives 
rise to additional fractional quantities of serine, glycine, and leucine, sug- 
gesting that these amino acids are adjacent to one of the C terminal groups. 
Sedimentation analyses have shown that, following removal of the C ter- 
minal groups, DIP a-chymotrypsin is no longer capable of undergoing di- 
merization. However, the C terminal groups are not essential for enzy- 
matic activity, as shown by reactivation of the enzymatically modified 
diethylphosphory1 derivative of a-chymotrypsin, and hence the monomeric 
form of a-chymotrypsin is the catalytically active species. 
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THE INHIBITION OF BRAIN HEXOKINASE BY 
ADENOSINEDIPHOSPHATE AND 
SULFHYDRYL REAGENTS* 


By ALBERTO SOLS anno ROBERT K. CRANE 


(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, July 20, 1953) 


A preparation of particulate brain hexokinase which is free of inter- 
fering enzymes has been described, as well as the effect of the accumula- 
tion of glucose-6-phosphate on the kinetics of the hexokinase reaction (1). 
Glucose-6-phosphate (G-6-P) was found to inhibit the enzyme non-com- 
petitively. In the present paper, data are presented which show that the 
second product of the hexokinase reaction, adenosinediphosphate (ADP), 
inhibits the enzyme competitively with respect to adenosinetriphosphate 
(ATP). Other data are presented which indicate that free sulfhydryl 
groups on the enzyme are required for activity. 


Materials and Methods 


Preparations of purified brain hexokinase were made as previously de- 
scribed (1) and mixed with an equal volume of glycerol. The presence of 
glycerol serves to preserve throughout several months storage, either at 
+4° or —20°, the original enzymatic and physical properties of the sus- 
pensions. The unit of enzyme activity and the letter designations of the 
preparative steps, C, CL, and CLD, have been defined previously (1). 
Stock preparations of brain hexokinase were stored at concentrations in 
excess of 100 units per ml. (Preparation CLD has an activity of about 70 
units per mg. of protein) and were diluted for use with 0.02 m phosphate 
(mole fraction K,HPO, = 0.5) or 0.05 m K,SO,. Glycerol at less than 10 
per cent concentration does not inhibit the activity of brain hexokinase. 

Incubation was carried out as previously described (1) except as noted 
in the legends to the Figs. 1 to 7 and Tables I to III. In some cases, man- 
nose and 2-deoxyglucose (2-DG) were used as substrates in place of glu- 
cose because their phosphorylated reaction products are not inhibitory.’ 

Hexokinase activity was followed by one of three methods; namely, 
sugar utilization, glucose-6-phosphate formation, or the decrease in acid- 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
A preliminary report was presented before the Forty-fourth annual meeting of the 
American Society of Biological Chemists at Chicago, 1953. 

1 Crane, R. K., and Sols, A., in preparation. 
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labile phosphate. Sugar utilization was determined by the difference be- 
tween the initial and the final (after incubation) reducing value of Ba(OH),- 
ZnSO, filtrates (2). The new Somogyi reagent (3) was used except when 
2-DG was present. For 2-DG, it was found best to use the Shaffer-So- 
mogyi reagent 60 (4), modified by the addition of 18 gm. of NaSO, per 
100 ml. (5), with a heating time of 30 minutes. Occasional analyses for 
small amounts of sugar were made by the micromethod of Park and John- 
son (6). Glucose-6-phosphate formation was determined spectrophoto- 
metrically by the reduction of triphosphopyridine nucleotide in the pres- 
ence of Zwischenferment (7). For analysis by this method, aliquots of 
the incubation mixture were heated in | m HC! at 100° for 10 minutes to 
hydrolyze residual ATP, centrifuged to remove precipitated protein, and 
neutralized. Acid-labile phosphate was determined with the Fiske and 
Subbarow procedure (8). 

ATP, 95 per cent pure by enzymatic assay, and ADP were obtained from 
the Pabst Laboratories. Versene (ethylenediaminetetraacetic acid) was 
obtained from the Bersworth Chemical Company. 2-Deoxy-p-glucose was 
generously provided by Dr. Francis B. Cramer. p-Chloromercuribenzoic 
acid and o0-iodosobenzoic acid were obtained from the Sigma Chemical 
Company. 


Results 


Stability and Sulfhydryl Groups—The activity of purified brain hexokin- 
ase is rapidly lost during incubation at 30°. The addition of 0.02 m 
phosphate or 0.05 m sulfate ions will prevent this loss when the enzyme 
concentration is 1 or more units per ml. but not at higher dilutions. Pyro- 
phosphate, arsenate, or chloride ions are relatively ineffective at any en- 
zyme concentration. Metal-binding agents, however, such as Versene, 
cysteine, or cyanide can preserve fully the activity of the enzyme at any 
‘dilution. Amorphous (Zn-free) insulin and crystalline serum albumin (0.1 
and 1.0 mg. per ml., respectively) can provide partial protection of the 
diluted enzyme. In the presence of one of the metal-binding agents, 
neither phosphate nor protein produces an additional effect. The data in 
Table I illustrate the effects of Versene, cysteine, and phosphate. The loss 
in activity of the unprotected enzyme (Table I) appears to be irreversible. 
It seems not unlikely that these effects result from a high sensitivity of the 
enzyme to traces of heavy metals, a conclusion which gains support from 
the observation that phosphate-free Preparation CLD is completely in- 
hibited by 5 X 10-4 m CuSO,. 

Results such as the above are commonly obtained with enzymes which 
require free sulfhydryl groups for activity, and the results of further ex- 
periments indicate that this is the case for brain hexokinase. p-Chloro- 
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mercuribenzoate (PCMB) produces complete inhibition of Preparation 
CLD at a ratio of about 10 moles of PCMB to 100,000 gm. of protein 
(Table II). With amounts of PCMB which produce partial inactivation, 
reversal with cysteine is readily obtained, provided the incubation with 
PCMB is of limited duration (Fig. 1). Prolonged incubation of the en- 
zyme preparations with PCMB or exposure to large excesses of this agent 
leads apparently to an irreversible loss in activity. Additional experi- 


TABLE I 


Protection of Brain Hexokinase by Versene and Cysteine 


Diluting agent Addition before Residual activity, 
for preincubation test of activity micromoles mannose used 
(1) (2) (3) 
pM 
Versene Water 1.40 
Cysteine i 1.39 
Phosphate | 1.01 
Water " 0.10* 
Versene 0.10* 
Cysteine (0).10* 
Phosphate 0.10* 
Not preincubated a9 1.29 


0.01 ml. (17 y of protein) of Preparation CLD was made to 1.5 ml. with solutions 
of the following substances at the final concentration indicated: Versene (neutral) 
(0.0013 mM, cysteine (neutral, freshly prepared) 0.004 m, phosphate (mole fraction of 
Ke-HPO, = 0.5) 0.054 m. The tubes were then incubated for 1 hour at 30°, cooled 
on ice, and the additions in Column 2 were made so that the final volume was 1.7 
ml. and the concentration of each substance was the same in all the tubes containing 
it. 0.3 ml. of a substrate mixture containing a total of 3 um of mannose, 15 uM of 
ATP, 15 um of MgCls, and 40 un of Tris, pH 7.3, was then added and all the tubes 
were incubated for 1 hour at 30°. The residual activity was estimated by the sugar 
disappearance method. 
* Approximate values. 


ments carried out with o-iodosobenzoate likewise indicate the presence of 
essential sulfhydryl groups. 150 y of CLD protein were incubated, at 30° 
and pH 7, in a 0.1 ml. volume in the presence of 10 and 50 mun of 0-iodoso- 
benzoate. At the end of 2 hours, the loss in activity compared to a con- 
trol without the reagent was 22 and 68 per cent, respectively. At the 10 
muM level of o-iodosobenzoate, the further addition at 2 hours of 1.5 mum 
of PCMB, 5 minutes before the test for activity which by itself caused 9 
per cent inhibition, resulted in 80 per cent inactivation of the enzyme. 
Some indication that the presence of a hexose substrate will partially 
protect the enzyme from inhibition by PCMB has been obtained. More 
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work will be required to ascertain the extent and possible significance of 
this observation. 

pH—The influence of the pH of the suspending medium on the stability 
of brain hexokinase preparations is illustrated by Fig. 2. The marked in- 
stability of Preparation CL at pH 7 and 8 as compared to Preparations C 
and CLD is undoubtedly a result of the retention by Preparation CL of 
some of the crude lipase used in its preparation. The destructive activity 
is removed by subsequent deoxycholate treatment (CLD). 











TaBLe II 
Inhibition of Purified Brain Hexokinase by p-Chloromercuribenzoate 
PCMB Inhibition 
uM per cent 
0.2 100 
0.05 100 
0.02 100 
0.01 96 
0.005 93 
0.0025 78 
0.001 23 





114 y of protein (Preparation CLD) were treated with the indicated amounts of 
PCMB in the presence of 15 um of phosphate (mole fraction of K,HPO, = 0.5) and 
water to 0.6 ml. at 0°. After 15 minutes, 0.4 ml. of a solution containing a total of 
3 um of mannose, 10 um of ATP, and 5 um of MgCl: was added and the tubes were 
incubated at 30° for 15 minutes. The activity was determined by the sugar disap- 
pearance method. Mannose phosphorylation in a control tube without inhibitor 
was 1.6 uo. 





The variation in activity with pH was studied, and appropriate atten- 
tion was given to the problem of stability. The data obtained with glu- 
cose as substrate for Preparation C (Curve A) and with 2-DG as substrate 
for Preparation CLD (Curve B) are plotted in Fig. 3. The peak of ac- 
tivity at pH 6 has been consistently obtained and the curves are not af- 
fected by changes in the phosphate or sulfate ion content of the solution. 

The data for Curve A, Fig. 3, were obtained at low levels of glucose 
utilization. At high levels of utilization, maximal apparent activity was 
observed at pH values between 4 and 5. The reason for this discrepancy 
is illustrated by Fig. 4. Although the initial rates at the various pH values 
are in approximately the same ratio as those in Fig. 3, the parabolic rate 
curve associated with glucose phosphorylation by purified brain hexokinase 
(1) and observed at the pH values 6, 7, and 8 was not obtained at pH 4.6. 
This circumstance led, on longer incubation, to a greater total utilization 
of glucose at pH 4.6. It would appear that glucose-6-phosphate does not 
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inhibit hexokinase to the same extent at this pH as at the higher pH values. 
Since the pK.’ of G-6-P is about 6.1 in pure solution (9) and somewhat more 
acid in the presence of magnesium ions, with which G-6-P forms a complex,” 
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Fic. 1. Reversal of PCMB inhibition by cysteine. 0.2 ml. mixtures containing 
50 y of Preparation CLD protein and 0.005 m potassium phosphate, pH 7.0, were 
prepared in an ice bath; additions were made as indicated below. The mixtures 
were diluted with 5.0 ml. of a solution, at 28° and pH 7.2, containing 0.002 m glucose, 
0.0025 m ATP, 0.005 m MgCle, and 0.0033 per cent brom thymol blue indicator. The 
course in change of optical density at 560 mu, owing to the H* liberation accompany- 
ing phosphorylation, was followed at 28° as an indication of enzyme activity. Curve 
A, no additions; Curve B, 0.05 ml. of 0.1 m cysteine, pH 7.0, added immediately prior 
to dilution with the indicator mixture (addition of cysteine changes the buffer capac- 
ity of the solution, slowing the rate of pH change but not of H* liberation); Curve 
C,3 mum of PCMB added 2 minutes prior to dilution, and 0.05 ml. of cysteine added 
at the arrow; Curve D, the same as for Curve C, except that PCMB was added 6 
minutes prior to dilution. 

Fic. 2. pH-stability of various preparations of brain hexokinase. Preparation 
C, 0.05 ml. of water suspension incubated with 0.2 ml. of 0.1 m potassium phosphate 
at pH values shown for 60 minutes at 35°. At pH 9 and above, the buffer contained 
also HCO;- and CO," at 0.05 m concentration, and at pH values 4 and 5 it contained 
also acetate at 0.1m. Preparation CL, 0.10 ml. of water suspension incubated with 
0.4 ml. of 0.05 m phosphate at pH values shown for 120 minutes at 30°. Preparation 
CLD, 0.1 ml. of water suspension incubated with 0.4 ml. of mixed phosphate-Tris- 
acetate buffer at 0.05 m concentration of each component at the pH value shown for 
60 minutes at 30°. The residual activity was determined by sugar disappearance 
during continued incubation after addition of a mixed solution of 12.5 um of ATP, 
60 um of Tris, pH 8.0, 5 um of glucose, and 5 um of MgCl, and water to a final volume 
of 1 ml. The initial activity was determined on an unincubated control. 





2 Sols, A., and Crane, R. K., unpublished results. 
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a greater proportion of the ester is present as the monovalent anion in the 
range of pH 4 to 6 than in the range pH 6 to 8. The results shown in 
Fig. 4 would be consistent with a hypothesis that the monovalent G-6-P 
anion is not inhibitory. 

It may be noted that Curves A and B of Fig. 3, at the pH values more 
acid than pH 6, would very nearly coincide, were the rates of Curve A cor- 
rected for the small inhibition by G-6-P (1). 
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Fig. 3. The pH-activity of brain hexokinase preparations. Curve A, 0.1 ml. of 
Preparation C incubated together with 12.5 um of ATP, 5 um of glucose, 60 uM of Tris, 
20 uM of potassium phosphate, and 16 um of sodium acetate, adjusted to the pH 
values shown, in a total volume of 1 ml. for 5 minutes at 30°. Activity was measured 
by glucose-6-phosphate appearance, which was 0.355 um at pH 6.0. Curve B, 0.1 
ml. of Preparation CLD incubated together with 10 um of ATP, 5 um of MgCl, 5 uw 
of 2-DG, 25 um of K,SO,, 10 um of sodium acetate, 10 um of histidine, and 10 um of 
’ Tris in a total volume of 1 ml. for 8 minutes at 30°. Activity was measured by the 
sugar disappearance, which was 2.04 um at pH 6.0. 

Fic. 4. The effect of pH on the kinetics of glucose utilization by brain hexokinase. 
Preparation C incubated as described for Fig. 3, Curve A, except that 0.2 ml. ali- 
quots of the incubation mixture were analyzed for residual glucose at the times in- 
dicated. 


Temperature—Fig. 5 shows a plot of the activity of brain hexokinase at 
various incubation temperatures. The Qj) values derived from the data 
of Fig. 5 are as follows: from 0-10°, 3.5; 10-20°, 2.8; 20-30°, 2.3: 30-40°, 
2.2. Brain hexokinase suspensions heated at 55° are 75 per cent inacti- 
vated in 5 minutes and completely inactivated in 15 minutes. The Qi of 
yeast hexokinase has been reported to be 1.9 in the range 0-30° (10). 

Metal-Ion and Nucleotide Requirements—Both magnesium ions and ATP 
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are required by brain hexokinase. Manganous ions, in the absence of phos- 
phate, will substitute for the magnesium ions, and they are effective in the 
same range of concentration. Cobaltous ions appear to be ineffective. 
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Fic. 5. The effect of temperature on the activity of brain hexokinase. Prepara- 
tion CLD incubated with 4 um of hexose, 10 um of potassium phosphate, 15 um of 
ATP, and 7.5 um of MgCl. in a total volume of 1 ml. at pH 6.8 and at the tempera- 
tures indicated. In order to have equivalent sugar utilizations in all the tubes, the 
amount of enzyme and the duration of incubation were varied. The duration of the 
incubation at 40° was 7.5 minutes; at 0° it was 2 hours. Activity was determined by 
sugar disappearance. The values for glucose utilization were corrected for the in- 
hibition by G-6-P (1). 

Fic. 6. The effect of ATP and Mg** concentrations on brain hexokinase activity. 
Curve ATP, Preparation CLD incubated in a mixture containing 0.002 m glucose, 
0.005 m MgCl., 0.02 m potassium phosphate, pH 7.0, and ATP at the concentrations 
shown. The total volume was 2.0 ml. and the duration of incubation was 7.5 min- 
utes at 30°. Activities were determined by G-6-P formation and were corrected for 
the small inhibition due to ADP accumulation (see the text). The ATP concentra- 
tions represented by the points on the curve are the averages of the initial and final 
(after incubation) concentrations. Maximal utilization was 0.21 wm per 2 ml.; 
Curve Mg**, Preparation CLD incubated in a mixture containing 0.0005 m glucose, 
0.005 m ATP, 0.05 m K.SO,, 0.05 m Tris, pH 7.2, and MgCl, at the concentrations 
indicated. The total volume was 2.0 ml. and the duration of incubation was 7.5 
minutes at 30°. Activities were determined by sugar disappearance and corrected 
for inhibition by G-6-P (1). 


ADP cannot replace ATP. When ATP is present in excess, the half maxi- 
mal rate is attained at a magnesium concentration of 0.0008 m (Fig. 6). 
In the presence of 0.005 m MgCle, the half maximal rate is attained with 
0.00013 m ATP (Fig. 6). 

It appears probable, as concluded by Hers (11), that a magnesium-ATP 
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complex, rather than Mg** and ATP separately, is the substrate in kin- 
ase reactions, especially in view of the reported dissociation constant, 
Kwug-atre = 1.2 X 10-* M (12), from which it may be calculated that Mg+ 
and ATP will be mostly combined at the concentrations usually em- 
ployed in enzyme tests. However, none of the data so far available 
indicate which of the several possible complexes between Mgt*+ and ATP 
may be the substrate for hexokinase. They also do not exclude the possi- 
bility that complexes which are inactive as phosphate donors may com- 
pete with the active complex or complexes. In view of these complica- 
tions, it is clear that the values given above cannot be regarded as 
Michaelis constants. 


Taste III 
Competitive Inhibition of Brain Hexokinase by ADP 





Nucleotide concentration average, uM per ml. 














3 —_ _ . Ratio, ATP: ADP 2-DG phosphorylated 
ATP | ADP 
| | —_— 
18.25 | 0.95 19.2 | 1.91 
4.25 0.75 5.7 1.51 
18.45 5.25 3.5 1.52 
4.45 5.05 0.88 1.10 


Preparation CLD, incubated with 3 um of 2-DG, 10 um of MgClo, 20 um of potas- 
sium phosphate, 10 um of Tris, 10 um of histidine, and 19.2 or 5.0 um of ATP and 4.5 
um of ADP, as indicated, in a final volume of 1.0 ml. The pH was 7.0, the tempera- 
ture was 30°, and the duration of incubation was 15 minutes. Activity was deter- 
mined by the sugar disappearance method. 


It has been suggested (13) that the nature of the substrate influences the 
rate of phosphorylation by brain hexokinase at low concentrations of ATP. 
’ In contradiction of this view, no difference in the relative rates of phos- 
phorylation of fructose and glucose was found between the two concen- 
trations of 0.0003 m and 0.0025 m ATP. 

Inhibition by ADP—ADP inhibits the phosphorylation of sugars by 
brain hexokinase. The inhibition is a competitive one, since the level of 
inhibition by a given concentration of ADP is dependent upon the ATP 
concentration (Table III). Under our test conditions the affinity of the 
enzyme for ATP and ADP appears to be the same, but this may not be 
the case under other conditions, as for example at limiting concentrations 
of magnesium ion. 

The effect of ADP accumulation on hexokinase activity is shown in Fig. 
7. In Fig. 7, A, the phosphorylation of mannose is plotted against time. 
It is seen that the utilization, which ought to be linear since mannose-6- 
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phosphate does not inhibit hexokinase,' deviates from the extrapolated 
initial rate to an extent dependent on the ATP level. These curves should, 
if the ratio of K; (ADP):Km (ATP) is 1, simulate the kinetics of a first 
order reaction (14). That they do, in fact, is shown by the plot of the 
same data as the log ATP): ATP, which gives straight lines (Fig. 7, B). 
Correction for the effect of ADP accumulation can be made by applying 
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Fic. 7. The kinetics of ATP utilization by brain hexokinase. A, Data plotted to 
show the deviation of the rate from linearity as a result of the accumulation of ADP. 
B, The same data plotted to show the agreement with first order kinetics. In all 
cases Preparation CLD was incubated with 2 um of Versene, 50 um of Tris, 50 um of 
histidine, and, in the concentrations indicated, ATP, MgCl, and mannose. The 
final volume was 2.0 ml. and the initial pH was 7.2. The temperature was 30°. O, 
19 um of ATP, 2000 um of mannose, 10 um of MgCl.; @, 19 um of ATP, 40 um of man- 
nose, 10 um of MgCl; 0, point in common to O and @; A, 38 um of ATP, 20 um of 
mannose, 20 um of MgCl.. At the 19 um level of ATP, utilization was determined by 
the decrease in acid-labile phosphate and at the 38 um level by sugar disappearance. 
The dotted line in A is the extrapolated initial rate. 


the formula, the corrected activity = ATPo X 2.3 X log (ATP)/ATP,). 
It must be emphasized that this formula holds only when sufficient nucleo- 
tide is present to saturate the enzyme. At the technical level, these find- 
ings indicate the necessity for assaying hexokinase activity in the presence 
of large amounts of ATP so that the accumulated ADP will not be a large 
fraction of the total nucleotide. It is especially important to recognize 
that the formation of ADP by contaminating enzymes in crude hexokinase 
preparations may result in kinetics similar to those of product inhibition 
(1), even if the substrate used yields a non-inhibitory phosphate ester. 
The inhibition by ADP is specific. Neither adenosine-5-phosphate, py- 
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rophosphate, nor orthophosphate inhibits the reaction at 2-fold molar 
excess over ATP. The brain hexokinase preparations used do not contain 
my%kinase (1), adenylic deaminase, adenylic-5-nucleotidase, or inorganic 
pyrophosphatase.” 

Effect of Other Substances—Under the standard conditions of assay for 
hexokinase activity (1), the following substances at the concentrations 
shown had no effect on the rate of phosphorylation: the buffers, tris(hy- 
droxymethy])aminomethane (Tris) 0.06 M, histidine 0.06 m, Veronal 0.06 m, 
and acetate 0.06 m; the phosphatase inhibitors, molybdate 0.02 m and fluor- 
ide 0.05 M; the ions, nitrate 0.01 m and ammonium 0.01 mM. The lack of 
effect of ammonium ions indicates that the results obtained by Muntz and 
Hurwitz (15) with crude systems are to be explained entirely on the basis 
of an activation of phosphofructokinase (16) which would cause an in- 
creased glucose utilization by removal of G-6-P (1). Beryllium ions in- 
hibited hexokinase activity by 18 per cent at 0.001 m and nearly completely 
at 0.01 M concentration. n-Butanol at 1.5, 3, and 4 per cent was found 
to inhibit, respectively, 10, 33, and 74 per cent. 


DISCUSSION 

It is of interest that the affinities of yeast (7) and brain hexokinase for 
ATP are very similar, although yeast hexokinase is not inhibited by ADP 
(17) and thus has no affinity for this compound in contrast to the high 
affinity of brain hexokinase. That the affinity for ADP may be as charae- 
teristic of animal hexokinases as is the inhibition by G-6-P (1) is indicated 
by the inhibition of purified heart and skeletal muscle hexokinase prepara- 
tions by ADP. Brain phosphofructokinase is not inhibited by ADP. It 
seems possible that some measure of intrinsic control of the rate of hexo- 
kinase activity may be exerted by the intracellular ATP-ADP ratio in 
addition to that already postulated for the intracellular G-6-P concen- 
' tration (1). The possibility that brain hexokinase might be inhibited by 
ADP was raised by Weil-Malherbe and Bone (18) on the basis of their 
hypothesis of the mechanism of inhibition by G-6-P. More information 
will be required to ascertain whether there is a relationship between the 
inhibitions by ADP and G-6-P. 

The pH-activity curve of brain hexokinase differs considerably from 
those of yeast (19) and wheat germ (20) hexokinases, but is similar to that 
of liver fructokinase (21). Some other animal hexokinases may have a 
similar pH curve (22). In crude systems, the apparent pH-activity curve 
of hexokinase may be greatly modified by the pH-dependence of enzymes 
removing G-6-P and producing ADP. 

The hexokinases of yeast and some animal tissues (19, 23, 24) but not 
that of wheat germ (20) have been reported to be sensitive to sulfhydryl 
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reagents. Our observations on the effects of p-chloromercuribenzoate and 
g-iodosobenzoate are consistent with a requirement of free sulfhydryl 
groups for activity of brain hexokinase. The reversibility of the PCMB 
inhibition by cysteine and the increased sensitivity of the enzyme prepara- 
tions to this reagent following treatment with o-iodosobenzoate are similar 
to the observations of Hellerman et al. (25) with crystalline urease. How- 
ever, it should be emphasized that, owing to the presumably low purity of 
our best preparations, and to the relationship of the enzyme to particulate 
material and its demonstrated instability (1), no conclusions can be drawn 
from our data about the number of sulfhydryl groups on the enzyme nor 
their participation in the hexokinase reaction. One possibility would 
seem to be that the —SH groups involved in these reactions with sulfhydryl 
agents are concerned in some way with the linkage of a highly unstable 
hexokinase molecule to a stabilizing position on a macromolecular lipide- 
protein complex. 


We wish to express our gratitude to Dr. Carl F. Cori for his continued 
interest and encouragement. 


SUMMARY 


Brain hexokinase preparations apparently require free sulfhydryl groups 
for activity as indicated by cysteine-reversible p-chloromercuribenzoate in- 
hibition and 0-iodosobenzoate inactivation. Purified preparations of brain 
hexokinase are sensitive to heavy metals and are protected by metal-bind- 
ing agents. Activity is maximal in the range pH 6 to 8. Qyo is 2.2 in the 
range 30-40° and greater at lower temperatures. A half maximal rate 
is obtained at 0.0008 m Mg**. When Mg** is not limiting, the half maxi- 
mal rate occurs at 0.00013 m ATP. ADP has been found to inhibit the 
enzyme competitively with ATP. The enzyme has the same apparent 
affinity for both nucleotides. 
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TUNGSTIC ACID PRECIPITATION OF BLOOD PROTEINS 


By S. BERKMAN, R. J. HENRY, O. J. GOLUB, anp M. SEGALOVE 


(From the Bio-Science Laboratories, Beverly Hills, California) 
(Received for publication, August 19, 1953) 


In 1919 Folin and Wu (1) proposed the preparation of protein-free 
blood filtrates by precipitation of the proteins with the tungstic acid formed 
by the addition of 1 part 10 per cent sodium tungstate and 1 part 3 N sul- 
furic acid to 1 part blood and 7 parts water. They stated that the filtrates 
are nearly “neutral,” and that 10 ml. of filtrate should require only about 
0.2 ml. of 0.1 n NaOH for neutralization; pH values of the filtrates were 
not given. Merrill (2) reported that maximal precipitation of nitrogen 
from diphtheria antitoxin serum by tungstic acid occurred at pH 5.0 or 
lower. Tungstic acid precipitation is usually thought to result from com- 
bination of the acid anion with the cationic form of protein (protein*), re- 
quiring the protein to be on the acid side of its isoelectric point. The iso- 
electric points of serum proteins fall in the range of approximately pH 
5 to 7 (3). It would be expected, therefore, that Folin-Wu filtrates would 
have to have a pH of about 5 or less for clarity and minimal protein con- 
tent. 

There seems to be, however, a certain amount of confusion in the litera- 
ture regarding the following points: (1) Sunderman et al. (4) have claimed 
that the pH of Folin-Wu filtrates should be 6.6 to 6.7; Mandel and Jones 
(5) reported obtaining clear tungstic acid filtrates of serum with a pH of 
about 6; (2) Folin (6) stated that the 10 per cent sodium tungstate solution 
should be weakly alkaline to phenolphthalein, whereas Sunderman et al. 
(4) claimed that it should be “neutral” to this indicator. It was believed 
worth while, therefore, to study the tungstic acid precipitation of blood 
proteins and the effects thereon of certain variables. 


Methods 


The sulfuric acid used was prepared from analytical reagent grade and 
was adjusted until it titrated 0.663 n. The 10 per cent sodium tungstate 
(Na.WO,-2H.0) was prepared from two different analytical reagent grades 
with insignificant differences in results in this study. Unless otherwise 
noted the anticoagulant used in blood collection was 1 drop of 20 per cent 
potassium oxalate dried in the tube per 5 ml. of blood. Filtrations were 
carried out with Whatman No. 1 paper. Protein concentration in the 
filtrates was determined by the method of Looney and Walsh (7) which 
was found to yield the same results over a pH range from 2 to 7 of the solu- 
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tion to be tested. The presence of hemoglobin in the filtrates was tested 
qualitatively by applying the benzidine test (8) to the residue after evapora- 
tion of an ether extract of an aliquot of the filtrate acidified with glacial 
acetic acid. The sensitivity of this test as performed was about 1 y of 
hemoglobin per ml. of filtrate. The pH values were obtained on a model 
G Beckman pH meter. 


Results 


PH of 10 Per Cent Sodium Tungstate—Careful preparation of this solution 
from either salt used in this study resulted in solutions which had a pH in 
the range 9 to 9.5 and which were red with phenolphthalein indicator, 
Titration curves of these solutions revealed a rapid drop to a plateau at 
about pH 8.0 (somewhat less than 0.1 ml. of 0.1 N HCl required per 2 ml. 
to reach this point), after which the pH decreased slowly. The first por- 
tion undoubtedly represented titration of the small amount of Na2CO; pres- 
ent to bicarbonate; addition of known amounts of NasCO; titrated as 
predicted. The second portion of the curve represented titration of the 
sodium tungstate and the bicarbonate. At pH 8.0 the phenolphthalein 
was a definite pink. Contrary to what is stated in most indicator tables 
the phenolphthalein as tested did not become colorless until about pH 7.8. 

Correlation of Filtrate pH with Filtrate Protein Concentration—1 ml. ali- 
quots of oxalated blood were pipetted into distilled water. The pH of the 
filtrate was varied either by varying the quantity of sulfuric acid and keep- 
ing the amount of sodium tungstate constant at 1.0 ml. (the amount of wa- 
ter used was always such that the final volume was 10 ml.), or by varying 
the amount of sodium tungstate added and keeping the quantity of sul- 
furic acid constant at 1.0 ml. The results were identical in both proce- 
dures. 

The results are shown in Fig. 1. In one series the sodium tungstate was 
added prior to addition of the acid as in the original Folin-Wu procedure, 
and the mixtures were allowed to stand 50 minutes before filtering. In 
another series the acid was added first as suggested by Haden (9). In this 
series the results were the same whether filtration was performed immedi- 
ately after mixing or 30 minutes later. It is seen that critical pH values 
of about 3 and 5.1 divided the filtrates into three zones. Above pH 5.1 
there was a precipitous rise in the protein concentration, and the filtrates 
were turbid and colored by the hemoglobin which came through in the fil- 
trate. Between pH 3 and 5.1 the filtrates were invariably clear, the protein 
concentration was less than 2 mg. per 100 ml., and the benzidine test was 
negative. Below pH 3, when the acid was added first, the filtrates ocea- 
sionally were slightly turbid and yellow, had a positive benzidine test, and 
had an increased protein content. This probably is a result of the forma- 
tion of acid hematin at these low pH values as suggested by Haden (9). 
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Fig. 2 shows the results of a similar series with serum and plasma. The 
experimental procedure was the same as that followed for blood, with the 
exception that the precipitating reagent kept constant was used in one-half 
the amount used for blood (as recommended by Folin). Again, above a 
PH of about 5.1 the filtrates were turbid and there was a precipitous increase 
in protein concentration. The order of addition of the precipitating rea- 
gents made no difference. 


27 tT , T T ' ' T t T af T 
26 

25+ 
24+ a 
23 + 

22 
2i 
20 
19 
16 
(7 
16 
15 
14 
13 
2+ ee 
i 
10 
9 
8 


7 bee 
24 26 28 30 32 34 36 3% 40 42 44 46 48 50 
pH 
Fig. 3. Effect of blood protein content on pH of filtrate. All filtrates were clea 


and colorless, gave negative benzidine tests, and contained less than 2 mg. of pro- 
tein per 100 ml. 
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pH of Random Filtrates—The average pH of ten routine blood filtrates 
was 4.1, with a range of 3.2 to 4.5. The average pH of ten routine serum 
filtrates was 4.1, with a range of 3.3 to 4.7. Several of the above blood 
filtrates were tested and found to require 0.2 to 0.3 ml. of 0.1 n NaOH 
for neutralization. 

Variability in pH of Replicate Filtrates—For this experiment 1 ml. ali- 
quots of a single sample of oxalated blood were measured out with an Ost- 
wald pipette. Serological pipettes were used for the other pipetting proce- 
dures, the 1 ml. amounts of precipitating reagents being delivered from 5 
ml. pipettes. The average pH of twenty replicate filtrates was 4.51 with 
a standard deviation of 0.21. 

Correlation of Filtrate pH with Blood Protein Concentration—Bloods of 
varying protein content were prepared by mixing varying proportions of 
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packed red blood cells and plasma or plasma diluted with saline. The total 
protein concentrations of the mixtures were obtained by hemoglobin deter- 
minations, hematocrits, and protein determinations on the plasma phases. 
Fig. 3 shows the results of this experiment. 

Effect of Potassium Oxalate on Filtrate pH—Bloods prevented from coagu- 
lation either by heparin or potassium oxalate in quantities up to 10 times 
that usually recommended all gave clear filtrates with pH values which did 
not vary significantly. The same results were obtained regardless of the 
order of addition of the precipitating reagents. 

pH of Spinal Fluid Filtrates—Cerebrospinal fluid was simulated by di- 
luting serum 1:100 with saline, giving a protein concentration of about 70 
mg. per 100 ml. 2 parts spinal fluid + 7 parts water + 0.5 part of each of 
the precipitating reagents (10) gave duplicate pH values of 2.20 and 2.25. 
2 parts spinal fluid + 7.2 parts water + 0.4 part of each of the precipitating 
reagents (11) gave duplicate pH values of 2.35 and 2.40. The filtrates were 
clear and contained less than 2 mg. of protein per 100 ml. 


DISCUSSION 


When equal quantities of 3 N sulfuric acid and 10 per cent sodium tung- 
state are mixed, there is a 10 per cent excess of sulfuric acid present. This 
excess, plus that of tungstic acid not combined with protein, causes the 
filtrates to be acidic. Clear filtrates with minimal protein concentration 
were obtained with blood containing as wide a protein concentration range 
as is likely to be met with clinically (up to 27 gm. per 100 ml.). Since the 
greater the protein content the more tungstic acid used up, the direct cor- 
relation found between protein concentration and pH of filtrate was to be 
expected. 

The results indicate that, if a filtrate is clear and no Tyndall effect can 
be demonstrated, protein precipitation is satisfactory. It is also evident 
that a clear filtrate can have a pH value over a rather large range. This 
variation in filtrate pH arises from two sources, random variation and the 
protein content of the specimen. Certainly it would be impossible to con- 
trol the filtrate pH within narrow limits without the benefit of a buffering 
system. However, such variation in pH might well be a source of error 
in analyses performed on filtrates. For example, it has been reported (4) 
that variation in the pH of the filtrate can affect significantly the results 
of Benedict’s glucose determination. Such a source of error would fall into 
the category of ‘chemical errors” discussed by the authors in a previous 
publication (12). Graphic analysis of the effect on filtrate pH with the 
change in amounts of acid or sodium tungstate added indicated that the 
variation in the pH of the filtrate from one blood could be due entirely to 
the pipette errors. Presumably the variation found would have been ap- 
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proximately halved if the precipitating reagents had been delivered from 
1 ml. pipettes. 

If highest grade sodium tungstate is used in preparing the 10 per cent 
sodium tungstate solution, it is probably not necessary to adjust its pH. 
The specifications for analytical reagent grade sodium tungstate allow a 
maximum of 0.4 ml. of 0.1 N acid to neutralize to pH 8 the extraneous alka- 
linity present in 2 gm. of salt. If neutralization of excess alkalinity is de- 
sired, sufficient acid should be added to go from red to pink with phenol- 
phthalein as indicator or from blue to yellow with thymol blue. 

Folin (6) claimed that the presence of excess potassium oxalate required 
additional sulfuric acid for complete protein precipitation and clear filtrates, 
This has not been confirmed in this study. The implication is that the 
occasional failure to obtain complete protein precipitation usually results 
not from an excess amount of oxalate but rather from an error in measuring 
one or both of the precipitating reagents. 


SUMMARY 


1. The precipitation of protein by tungstic acid is maximal and filtrates 
are clear for serum, plasma, and blood when the pH of the filtrate is 5.1 or 
less. The same results are obtained whether sulfuric acid or sodium tung- 
state is added first. 

2. The pH of random filtrates of serum and blood fell in the range 3.2 
to 4.7 with a mean of 4.1. 

3. Replicate filtrates from the same blood gave a pH distribution with a 
standard deviation of 0.21 pH unit for the experimental procedure em- 
ployed. 

4. The pH of the filtrate increases as the protein content of the blood 
increases, but protein precipitation is maximal and the filtrates clear over 
the range of protein likely to be met with clinically. 

"5. If analytical reagent grade sodium tungstate is used in the prepara- 
tion of the 10 per cent solution for protein precipitation, neutralization of 
the excess alkali present is not necessary. 

6. The presence of up to 10 times the usually recommended amount of 
potassium oxalate as anticoagulant had no significant effect on the filtrate 
pH. 
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THE OCCURRENCE OF SEVERAL BIOCHEMICALLY 
DISTINCT TYPES OF MITOCHONDRIA 
IN RAT LIVER* 


By KENNETH PAIGENt 


(From the Department of Genetics, Carnegie Institution of Washington, 
Cold Spring Harbor, New York) 


(Received for publication, May 13, 1953) 


Since the introduction by Hogeboom, Schneider, and Pallade (1) of 
the use of sucrose solutions in the fractionation of tissue homogenates, 
the study of the localization of various enzymatic activities in cell structures 
has received great impetus. It has been shown that many enzymes, 
especially those of oxidative metabolism, are localized in particulate cell 
fractions (for details see the recent review by Schneider and Hogeboom 
(2)). 

In trying to determine what may be the physiological significance of 
the finding that certain enzymes are localized in the mitochondrial frac- 
tion, the possibility must be considered that this fraction is actually hetero- 
geneous in nature; therefore, those enzymes which have been localized to 
the mitochondrial fraction may actually occur on particles of similar size, 
but of very different function. For this reason, the question of whether 
more than one particle type is present in the mitochondrial fraction has 
been reinvestigated. Earlier attempts to settle the question of the homo- 
geneous versus the heterogeneous nature of mitochondria by Chantrenne 
(3) and Hogeboom e¢ al. (1) have not led to a decisive answer. 

In the experiments reported here, the mitochondrial fraction was fur- 
ther separated by differential centrifugation into fractions whose particles 
differed in their average size. Analyses of these fractions revealed that a 
high degree of differentiation exists among mitochondria of various sizes 
with regard both to chemical structure and biochemical function. At 
least three distinct mitochondrial types occur. 

Preliminary reports of this work have appeared previously (4, 5). 


Methods 
Fractionation—The fractionation procedure was modeled after that of 
Hogeboom, Schneider, and Pallade (1). The differences in procedure, 
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fornia. 


945 








946 MITOCHONDRIA IN LIVER 


however, are sufficient to warrant an exact description of the fractionation 
method used. 

All centrifugations were carried out in an International refrigerated 
centrifuge (model PR-1) at 0°; gravitational forces were calculated for 
the bottom of the tube. All glassware was prechilled and whenever pos- 
sible was kept packed in ice during use. Fractions were stored at 0° and 
enzyme activities were determined as soon as the last fraction had been 
obtained. 

Male albino rats of the Wistar strain weighing 100 to 300 gm. were em- 
ployed. They were maintained on a diet of Purina dog checkers and were 
fasted for 24 hours prior to use. The animals were killed by stunning, the 
hepatic vein was severed, and the blood allowed to drain. The livers were 
rapidly excised, minced with scissors, and then homogenized in 0.88 m 
sucrose (9 ml. per gm. of liver) in a Potter-Elvehjem type homogenizer 
with a Lucite pestle mounted on a stainless steel rod. The homogenates 
were then strained through four layers of gauze and fractionated as follows: 
(1) Two 40 ml. portions of homogenate were centrifuged three times at 
600 < g for 10 minutes and the combined sediments made up to 50 ml. 
with water (N). (2) The final supernatant fluid from Step 1 (S;) was 
subjected to 22,000 X g for 20 minutes in 25 ml. Lustroid tubes with the 
multispeed attachment and head No. 296. Air was then vigorously 
bubbled across the surface of the sediment to remove any loosely packed 
material, and the supernatant fluid (S,) removed. The sediment was then 
resuspended and recentrifuged from 40 ml. and then 20 ml. of 0.88 m sue- 
rose as above, giving two more supernatant fluids (S; and 84). (3) The 
sediment was then suspended in 20 ml. of 0.88 m sucrose as the mito- 
chondrial fraction (MT>) comparable to that isolated by other workers, 
and 5 ml. were set aside for later analysis. (Occasionally the fractionation 
was carried out on 40 ml. of homogenate, in which case 3 ml. of the 10 ml. 

‘used to resuspend the MT» fraction were set aside at this step.) (4) The 
remainder of MT» was centrifuged at 3000  g for 20 minutes and the 
supernatant fluid removed without bubbling air through. The sediment, 
suspended in 8 ml. of 0.88 M sucrose, was the heaviest mitochondrial frac- 
tion (MT;). (5) The supernatant fluid from Step 4 was centrifuged at 
6000 X g for 20 minutes, the supernatant fluid removed without prior 
bubbling of air, and the sediment, suspended in 8 ml. of 0.88 m sucrose, 
was MT:. (6) The supernatant fluid from Step 5 was centrifuged at 
22,000 X yg for 20 minutes. The pellet obtained at this stage could be 
sasily separated into two parts: a tightly packed sediment (MT;) and a 
less dense layer (MT,) which was readily removed by rapidly swirling the 
contents of the centrifuge tube. The MT; fraction was suspended in 8 
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ml. of 0.88 mM sucrose, and the MT, fraction used without further treat- 
ment. 

Staining—In following the course of the fractionation microscopically, 
three stains were employed. Janus green (0.01 per cent in 0.88 m sucrose) 
was used to demonstrate that the material isolated in the MT) fraction was 
mitochondrial in nature. Aceto-orcein (2 per cent orcein in 45 volume per 
cent acetic acid) and a mixture of aceto-orcein and fast green (9 ml. of 0.88 
mu sucrose plus 1 ml. of 0.2 per cent fast green plus 0.15 ml. of aceto-orcein 
plus a trace of Tween 20), which stained mitochondria green and nuclei 
pink, were used to determine the extent to which the mitochondrial frac- 
tions were contaminated by components of the nuclear fraction. 

Analytical—T otal nitrogen was determined by nesslerization (6). Phos- 
phorus was determined after the method of Kuttner and Lichtenstein (7) 
following digestion with perchloric acid. 

Phosphorus separations were carried out according to the method of 
Schneider (8), with the exception that phospholipides were extracted with 
two portions of 95 per cent ethanol at room temperature instead of boiling 
alcohol-ether. It was found that, within experimental error, identical 
results were obtained whether 95 per cent ethanol at room temperature 
or 70° or boiling alcohol-ether was used. 

All colorimetric measurements were made on a Coleman junior spectro- 
photometer. Ultraviolet absorption spectra were determined with a 
Beckman model DU spectrophotometer. 

Enzyme Assays—Cytochrome oxidase and succinoxidase were assayed 
manometrically (9) at two levels of activity. The cytochrome c employed 
was a commercial product (Sigma). 

For the measurement of p-amino acid oxidase activity, 0.2 ml. of the 
fraction tested, or an appropriate dilution, was incubated for 30 to 60 
minutes at 38° with 2 ml. of 1 per cent pt-alanine in the pyrophosphate 
buffer of Krebs (10). The reaction was stopped by the addition of 2 ml. 
of 0.5 m acetate buffer, pH 5.0, and immersion in a boiling water bath for 
10 minutes. The mixture was then filtered and the pyruvate content of 
the deproteinized filtrate determined by the method of Sumner et al. (11). 
For standards a solution of sodium pyruvate (Nutritional Biochemicals 
Corporation) recrystallized from ethanol was used. 

Both pyruvate and t-alanine are metabolically inert under the con- 
ditions of the assay procedure, as shown by quantitative recoveries of 
pyruvate added at zero time and the failure to observe any pyruvate for- 
mation when L-alanine was the substrate. The addition of hydrogen 
peroxide to reaction mixtures had no effect on enzyme activity, nor did the 
simultaneous oxidation of pt-alanine affect pyruvate recoveries. Enzyme 
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activity was proportional to concentration in the above test, and fractions 
were assayed in duplicate at two concentrations as a continuous check op 
proportionality. Activity is expressed as micromoles of pyruvate formed 





per mg. of N per hour. 


Results 


Nitrogen and Phosphorus—In Table I are presented the results of a 
typical fractionation. In this case the MT» fraction contained 13.6 per 
cent of the original nitrogen and had 74 y of P per mg. of N. In ten such 


TABLE I 


N and P Contents of Fractions Obtained by Differential Centrifugation of 
Liver Homogenate 























Fraction Volume Total N Total P P:N 
ml mg. 7 vy per mg. 
er ree ee 80 221 22,800 103 
he Puape Wi aly SRR ae ire ALA 50 65.5 6,450 98 
SLE EERE BE AO Tae + 68 115 11,900 104 
Nitride Bie 8 ts 95 1 ee Cate al 42 15.5 2,450 | 158 
S,.. ae ia abet cine ar 20 9.25 975 105 
BE 6. .ss.0 20 30 2,230 | 74.4 
ee ae 8 7.21 | 376 | 52.1 
RE cs seated el siete 5.84 360 61.6 
RN ie, Sa win ws pis oe Raitind eS 8 3.20 238 =| 74.4 
ee eee One pee 14 6.75 610 90.4 





The recovery of nitrogen and phosphorus of the homogenate (N + S2 + S; + 8, + 
MT,) was 106 per cent for nitrogen and 105 per cent for phosphorus. Recoveries 
(MT; + MT: + MT; + MT,) of 77 per cent for nitrogen and 71 per cent for phos- 
phorus were obtained for the MT) fraction. The theoretical recovery in this case 
is only 75 per cent, since 5 ml. of the MT» fraction were set aside before further ma- 
nipulation of this fraction. 


fractionations these values averaged 11.9 per cent (range 8.6 to 18.7) and 
84 y of P per mg. of N (range 57 to 109), respectively. Mitochondria have 
been estimated (2) to contain 30 to 35 per cent of the total N of rat liver. 
The poor yields obtained by this fractionation technique are almost cer- 
tainly ascribable to the washing procedures used to prevent contamination 
of the MT» fraction with nuclei and microsomes. 

The values of P:N in Table I for the various mitochondrial fractions 
demonstrate the marked chemical differences which exist among mito- 
chondria of different sizes. 

Ultraviolet Absorption Spectra—A simple way to demonstrate that mito- 
chondria isolated from 0.88 mM sucrose homogenates are a heterogeneous 
collection of particles is by the determination of ultraviolet absorption 
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spectra. In Fig. 1, a and }, are presented the spectra obtained when the 
various mitochondrial fractions were dissolved in 0.1 and 0.001 m KOH, 
respectively, to give optically clear solutions. Both sets of curves were 
obtained on the same preparation. 

Expression of the results as optical density per unit concentration of 
nitrogen is valid since the optical density of the MT» fraction was propor- 
tional to concentration when tested at 10 my intervals. 

While the spectra obtained with 0.1 m KOH as the solvent illustrate in a 
more dramatic fashion the differences between particles of various sizes, 


nm \ 
Q 


0.1 M KOH 








b 


0.00! M KOH 











— ea a ee ee 
260 280 300 240 20 280 300 
mu 
Fic. 1. The ordinate values are expressed as optical density per mg. of N per ml. 
for 1.000 cm. cell. For the curves in a the solvent was 0.1 m KOH; for those in b it 
was 0.001 m KOH. 
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spectra in 0.001 m KOH are probably more like those of the native particles. 
This is indicated by the fact that the same spectra as those in Fig. 1, b were 
obtained with dilute suspensions of intact mitochondria in 0.88 m sucrose 
and on the clear aqueous phase which resulted when such suspensions were 
shaken against n-butanol for 3 hours at 38°. The use of n-butanol is a 
technique introduced by Morton (12) to make particulate enzymes soluble. 

Phosphorus-Containing Components—A summary of the distribution of 
various types of phosphorus-containing compounds present in mitochondria 
is presented in Table II. The lipide phosphorus and protein phosphorus 
contents of mitochondria appear to be independent of particle size, with 
the exception of a slightly higher content of phospholipides in the lighter 
fractions. A higher phospholipide content of the MT, fraction was ob- 
served in three out of four experiments. In these cases, the MT, fraction 
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had approximately 20 per cent more phospholipide than did MT). The 
protein phosphorus content never varied by more than +8 per cent, and 
the variation could not be correlated with particle size. 

Rat liver mitochondria are estimated to contain about 33 per cent of 
the total N of the cell. Assuming that the constant protein phosphors 
content observed in these experiments holds true for all the mitochondria 
of the cell, it is possible to estimate the proportion of the total protein 
phosphorus which is bound to mitochondria. For the data given in Table 
II this value is 75 per cent. Two other determinations gave similar values, 
Certainly a very high proportion of the cell’s protein phosphorus occurs 
in the mitochondria. This finding is not surprising in view of the high 
metabolic turnover observed for protein phosphorus (13) and the known 
functioning of mitochondria in processes of oxidative phosphorylation. 





























Tase II 
Phosphorus-Containing Components of Mitochondrial Fractions 

Fraction Total N Total P Lipide P —e Protein P see - ee 

meg. y per mg. N y per mg. N y per mg.N | vy per mg. N | ¥ pay 
Homogenate.....| 138 155 | 74 | 33.3 | 3.7 44 
ae 101 62 | 4 | 8.6 19 
A Sper 2.99 84 50 6.6 | 9.5 18 
Re | 2.80 86 ro a oo 
ras 102 6 | 16.0 | 9.0 | i 
MB...) 29 136 a7 | 04 | 91 | 8 





* Obtained by difference. See the text for a discussion of the validity of these 
results. 


The nucleic acid content of mitochondria was low and showed a very 
marked relation to particle size. Moreover, the nucleic acids of mito- 
chondria showed certain unusual properties. In a series of experiments, 
it proved impossible to extract from these particulate preparations a 
material which possessed the typical ultraviolet absorption spectrum of 
a nucleic acid. Attempts to obtain this material were made by using 1 x 
HClO, for 36 hours at 0° (14), 0.3 m trichloroacetic acid at 100° for 20 
minutes (8), and decomposing the nucleic acid with 1 m KOH for 18 hours 
at 36° (15) and precipitating the protein with HCl-trichloroacetic acid or 
adjusting to pH 4.6 with acetic acid. 

Examples of the spectra obtained for nucleic acid extracts made by 
these four techniques are shown in Fig. 2,a tod. These spectra are unlike 
that of a typical nucleic acid but resemble the spectrum of a nucleic acid- 
protein mixture with a high excess of protein. The curves do not fit the 
idea of a simple nucleoprotein, however, suggesting that the true explana- 
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tion might involve a more complicated interaction between the two. The 
N:P ratio of hot trichloroacetic acid extracts of MT» ranged from 10:1 
to 20:1 instead of the theoretical 4:1 value for pure nucleic acid. Fig. 
2, e presents the ultraviolet absorption spectrum of an artificial mixture of 
egg albumin and yeast nucleic acid having a N:P ratio of 20:1 (the data 
for Fig. 2, e are through the courtesy of Dr. M. R. McDonald). 
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Fic. 2. The ordinate values are expressed as optical density per mg. of N per ml. 
for 1.000 cm. cell. The extracts were prepared as follows: a, KOH incubation, fol- 
lowed by adjustment to pH 4.6 with acetic acid; b, KOH incubation, followed by 
HCl-trichloroacetic acid; c, hot trichloroacetic acid extract; and d, cold perchloric 
acid extract. The curve in e is for a mixture of egg albumin and yeast nucleic acid, 
with a N:P ratio of 20:1. 


No difficulty was experienced in extracting the nucleic acids of whole 
homogenate. Hot trichloroacetic acid extracts of homogenate gave N:P 
ratios of 4.1:1 to 6.8:1 and ultraviolet absorption spectra typical of a 
purified nucleic acid. A slightly higher than theoretical N:P ratio for hot 
trichloroacetic acid extracts of whole homogenate has been reported pre- 
viously (8). 

The presence of a linkage of nucleic acid to protein so tenacious that it 
cannot be broken by the usual reagents suggests that mitochondrial nucleic 
acids are held by a type of bond into which a majority of the cell’s nucleic 
acids do not enter, perhaps a direct incorporation into the structural frame- 
work of these particles. 

The values for acid-soluble phosphorus are of doubtful significance for 
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the following reasons: (a) acid-soluble phosphorus only accounts for ap- 
proximately 15 to 20 per cent of the total P of mitochondria; (b) this phos- 
phorus must be evaluated by difference, since there is too much sucrose 
present to permit a direct determination; and (c) the sum of the errors ap- 
proximates +5 to 10 per cent of the total. 

p-Amino Acid Oxidase—A study of the distribution of this enzyme in- 
dicated the existence of at least three distinct species of mitochondria, 
A typical protocol is presented in Table III. The activity peak found in 
the MT; fraction is not explainable in terms of a mixture of only heavy and 
light particle types with different enzymatic contents; the activity of such 
a mixture would have to be intermediate between those of the two com- 
ponents (7.e., 1.5 and 3.0 um of pyruvate per mg. of N per hour, the ac- 


TaBLeE III 
p-Amino Acid Oxidase Activities of Mitochondrial Fractions 








Fraction Total N P:N | p-Amino acid oxidase 

mg. | y per mg. | uM ate) mg. N 
Homogenate. .. | 178 156 4.3 
MTo... 33.2 78 4.0 
MT;. , soa 9.61 72 1.5 
MT: ; . 6.46 73 4.4 
MT; 4.81 86 9.6 
3.0 


MT, 6.84 118 


tivities of the heaviest and lightest fractions, respectively). It is therefore 
necessary to postulate at least three varieties of particles. 

The activity peak of p-amino acid oxidase in- the MT; fraction is easily 
reproduced. In seven experiments, the same distribution was observed 
in all cases, the MT; fraction having 1.4 to 4.2 times the activity of the 
MT, fraction. It is not clear from these results whether the very heaviest 
and lightest particles actually do possess D-amino acid oxidase, or whether 
the activities of the MT; and MT, fractions are wholly ascribable to con- 
tamination by the intermediate size particles. 

Cytochrome System—The distribution of cytochrome oxidase among the 
various fractions was quite different from that of D-amino acid oxidase. 
As shown in Table IV, cytochrome oxidase was fairly evenly distributed 
throughout the heavier fractions MT; to MTs, with a definite decline in the 
MT, fraction. In contrast to cytochrome oxidase, with which no diffi- 
culty was encountered, the succinoxidase activity of some fractions was 
not always proportional to enzyme concentration. Table IV includes 
results from an experiment in which proportionality was observed. Of 
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great interest here is the lack of any marked decline in the activity of the 
lightest f raction. 

These results suggest a tentative interpretation of the decrease in cyto- 
chrome oxidase activity observed in the lightest fraction. If this effect 
were due to the mixture of particles which did not contain cytochrome 
oxidase with those that did, a parallel drop in succinoxidase and cytochrome 
oxidase activities would be expected. A more probable explanation is 
that each particle in the MT, fraction possessed less cytochrome oxidase, 
but still a sufficient amount (as evidenced by Qo, values) to handle the 
oxidation of succinate at maximal rates. 























TABLE IV 
Cytochrome Oxidase and Succinoxidase Activities of Mitochondrial Fractions 
Cytochrome oxidase Cytochrome oxidase Succinoxidase 
Fraction . : - —— a 

Total N O: uptake Total N Oz uptake Total N Oz uptake 

me. | NS ee me. Slee | = | %Set 
Homogenate.....| 109 | 2200 178 1260 
ES acces oes 9.17 | 7910 16.3 6130 33.2 2120 
eee 2.50 | 7260 1.55 7160 9.61 1820 
MT:.... 2.02 6130 3.81 7830 6.46 2480 
(a sr 6300 2.39 7240 4.81 2090 
er 0.98 3000 1.73 2800 6.84 1750 




















In the two experiments in which cytochrome oxidase was observed, the fractiona- 
tion was carried out starting with 40 ml. of homogenate instead of the customary 


80 ml. 





In some experiments a slight activity peak of cytochrome oxidase or 
succinoxidase was observed in the MT? fraction. The second and third ex- 
periments of Table IV demonstrate this effect. (It is extremely difficult 
to determine in this, as in other border line cases, whether such an effect 
is real, because of the impossibility of exactly reproducing a fractionation 
experiment of the type reported here.) 


DISCUSSION 


In attempting to interpret the results reported, it is necessary to have 
some idea of the extent to which the mitochondrial fractions might have 
been contaminated with other material. The presence of heavier material 
(nuclei, whole cells, and débris) in the §, fraction, from which the mito- 
chondria were subsequently isolated, was determined by microscopic 
examination of the stained §, fraction. For this purpose, both aceto- 
orcein and the aceto-orcein-fast green mixture were used. Whole cells 
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and débris were never found, and nuclear counts gave values of 0 to 300,000 
nuclei in the total S,; fraction in various experiments. 

Some idea of the extent to which such contamination could affect the 
results is given by the following calculation. Assuming that each nucleus, 
10 uw in average diameter, was a solid protein crystal of density 1.3 and 
contained 16 per cent nitrogen, the maximal contamination in terms of 
total nitrogen was of the order of 33 y. Such a quantity of material js 
below the limit which could be detected by any of the biochemical tests 
employed. Any contamination by such heavier materials would, of 
course, occur only in the MT, fraction. 

The possibility of contamination by lighter particles, or microsomes, 
is a more difficult question to settle. If microsomes are defined opera- 
tionally (1, 2) as those particles requiring a force of greater than 20 to 
25,000 X g to sediment out from 0.88 m sucrose, then the procedure used to 
prepare the MT» fraction (three centrifugations at 22,000 X g with re- 
moval of the top layer of sediment each time) should insure freedom from 
contamination. Some of the results obtained indicate that the actual 
contamination was indeed negligible. 

Microsomes contain much more phospholipide (16, 17) than mitochon- 
dria and (if the calculation that mitochondria contain almost all of the 
protein phosphorus is correct) much less protein phosphorus. The distri- 
butions of lipide and protein phosphorus, however, indicate no significant 
contamination by any type of particle differing grossly in its content of 
these substances.! 

The constant cytochrome oxidase and succinoxidase activities indicate 
that certainly the MT,-MT; fractions (showing marked differences in 
total phosphorus, nucleic acid, D-amino acid oxidase, and ultraviolet ab- 
sorption spectra) were not measurably contaminated by any particles 

devoid of these enzymes. Microsomes have been reported as completely 
lacking both (1, 2, 18). 

The distribution of succinoxidase observed would indicate that the same 
reasoning holds true for the MT, fraction. 

The nucleic acid content of the MT» fraction (6 to 11 y of P per mg. of N; 
average, 10) fell within the range (7 to 13 y of P per mg. of N; average, 11) 
reported by other workers (1, 18-20). Since microsomes contain approxi- 
mately 6 times as much nucleic acid (1, 18, 19), it would seem that any 
contamination of the MT») fraction by microsomes was certainly no greater 
than in similar preparations isolated in other laboratories. 

From the above considerations, therefore, it would seem most unlikely 
that the results obtained are due to the contamination of mitochondria by 


1 With respect to phospholipides, this point does not apply to the MT, fraction, 
since an increased content of lipide phosphorus may occur there. 
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microsomes. In any case, the results on p-amino acid oxidase cannot be 
understood in terms of a mixture of only two types of particles, and it 
becomes necessary to invoke a third. 

The most extensive attempt to evaluate the question of homogeneity 
versus heterogeneity of mitochondria was made by Chantrenne (3), who 
concluded that mitochondria were indeed heterogeneous in nature. These 
experiments are open to severe criticism, however (cf. (2) for example), on 
the grounds that the fractionation was carried out in a solution of electro- 
lytes. It is known that both mitochondria and microsomes aggregate in 
the presence of electrolytes, and the results obtained by Chantrenne would 
be expected whether mitochondria were heterogeneous or not. 

Hogeboom ef al. prepared mitochondria and showed that their content 
of succinoxidase and nucleic acid was the same after four washings as after 
two, although 29 per cent of the nitrogen of the sediment was removed (1). 
No change in succinoxidase content would be expected in view of the pres- 
ent finding that the succinoxidase activity of mitochondria is independent 
of particle size. The failure to find any change in nucleic acid content, 
however, appears to be in contradiction to the results reported here. 

The existence of multiple types does not seem to be limited to liver 
mitochondria. Barnum and Huseby (21) and Novikoff et al. (22) have 
reported evidence that microsomes are also heterogeneous in nature; 
O’Brien (23), on the basis of cytological evidence, claims the existence of 
three types of mitochondria in germinating seeds. 

Assuming for simplicity that only three types of mitochondria exist, 
the various results obtained in this study may be compared with each other 
in Table V. It should be emphasized that the material isolated in these 
experiments represented only about one-third of the total mitochondria. 
While much of the material lost during the fractionation probably lay 
within the same size range as the fractions obtained, the very heaviest and 
lightest mitochondrial particles were almost certainly lost entirely. 

The finding that mitochondria are indeed heterogeneous in nature raises 
several questions. Foremost is the question of whether there are a discrete 
number of particle types, each capable of being uniquely described in 
terms of chemical composition, function, and perhaps morphology, or 
whether a spectrum of particles exists, with all possible intergrades between 
the lightest and heaviest to be found. The finding of at least three dis- 
tinguishable classes suggests the former, but certainly does not rule out the 
latter. 

Another question raised is the validity of making a distinction between 
microsomes and mitochondria on the basis of size alone. Related to this 
is the necessity for a biochemical definition of these terms on a basis other 
than sedimentability with a given centrifugal force. In view of the funda- 
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mental importance of oxidative processes, it is suggested that a mitochon- 
drion be defined as any cytoplasmic particulate possessing the cytochrome 
elements necessary to couple the oxidation of a cell metabolite with the 
reduction of oxygen. A microsome, then, is any cytoplasmic particle in- 
capable of this activity. Under this definition the terms mitochondria and 
microsome acquire a generic sense and refer to collections of non-identical 
particles with the common characteristic of possession or absence of a 
particular enzymatic apparatus. It seems safer to make this distinction in 
terms of function and not the occurrence of any single cytochrome com- 
ponent in view of the reported occurrence of two cytochrome c reductases 
(18, 24) and a new cytochrome component (25) in microsomes. 


TABLE V 
Properties of Three Types of Mitochondria 














Particle size 
Component ssiindianiidiiakiaie i 

Large Medium Small 
Cytochrome oxidase............ opt +444 eos 
| a eee +++4++4 $444 +-+-+-4 
p-Amino acid oxidase.......... ? ++++ ? 
MN eso dis Sancae seek G4 oe +++ i ae 
EI ea kb ci <k a eee cds 44 a0.8ien Poe ++ 4. 
MIE aces oes sone teeecuee ++44+ ++++4 oo oo 
PIII Sos hs5. 7 dios: sb abies 4 ++ of -p 4.4. 
Ultraviolet absorption.......... at +++ rie oe i 
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SUMMARY 


1. The question of the homogeneous versus heterogeneous nature of rat 
liver mitochondria has been investigated by the separation of mitochondria 
into four subfractions by differential centrifugation in 0.88 m sucrose. 

2. The subfractions were compared on the basis of their ultraviolet 
absorption spectra and their contents of cytochrome oxidase, succin- 
oxidase, D-amino acid oxidase, and various phosphorus-containing com- 
pounds. 

3. The content of cytochrome oxidase was constant among the three 
heavier fractions with a decrease in the lightest. The succinoxidase con- 
tent of all fractions was equal however. p-Amino acid oxidase showed a 
marked activity peak in the intermediate size particles. 
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4. Of the phosphorus-containing components, phospholipide and pro- 
tein phosphorus were evenly distributed, while pentose nucleic acid content 
was inversely proportional to particle size. 

5. Mitochondria contain most of the protein phosphorus of the cell. 
Mitochondrial nucleic acids show certain solubility anomalies which sug- 
gest that they are bound to the particles by an unusually strong linkage. 

6. It is concluded that mitochondria are indeed heterogeneous in nature 
and that at least three types exist. The implications of some of the find- 
ings are discussed. 


Addendum—Since this work was completed, a detailed report of the experiments 
of Novikoff et al. (26) has appeared. The findings of these authors are in basic agree- 
ment with the conclusions reached here. They report a marked degree of hetero- 
geneity in the microsome fraction with some heterogeneity in the mitochondrial 
fraction. 
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THE INTERACTION OF CATALASE WITH SYNTHETIC 
POLYELECTROLYTES* 


By MURRAY BERDICKt anp HERBERT MORAWETZ 
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In protein fractionation, extreme values of pH are undesirable because 
of the danger of denaturation, especially in the case of enzymes. How- 
ever, because of interaction among proteins in the interisoelectric region, 
fractionation in this pH range is often not feasible. 

A possible approach to this problem, suggested by Morawetz and Hughes 
(1), was to displace one protein from the complex by means of a synthetic 
polyelectrolyte. They demonstrated that bovine serum albumin could be 
precipitated with a polyelectrolyte, separated from the polyelectrolyte, and 
recovered in the native state. By this method, oxyhemoglobin was sepa- 
rated from serum albumin in the interisoelectric range. 

The present investigation was intended to clarify the general principles 
of the use of polyelectrolytes for enzyme purification. Treatment with 
poly(methacrylic acid) has been reported to produce no loss in the activity 
of liver esterase (1), and Whitaker (2) has used the same polyacid for 
separating a mold cellulase from inactive protein. Catalase was chosen for 
the present study, although efficient methods for its purification are known, 
because it is reasonably stable, well characterized, and can be determined 
both by activity assay and spectrophotometric absorption. 

The precipitation of liver catalase by synthetic polyacids was studied. 
When redissolved by shift of pH, the enzyme retained its activity, even in 
the presence of the polyelectrolyte. By precipitation with poly(acrylic 
acid), catalase was separated from bovine serum albumin by two tech- 
niques, one with thiocyanate ion and one with barium ion. The latter 
method was also demonstrated in mixtures of catalase with ferrihemo- 
globin. An impure sample of catalase was fractionated by a two-step pro- 
cedure of precipitation and extraction with poly(acrylic acid) and barium 
ion. 


* This paper is based on a portion of the dissertation submitted by Murray Ber- 
dick to the Graduate Faculty of the Polytechnic Institute of Brooklyn in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy; presented in 
part before the Division of Biological Chemistry, American Chemical Society, At- 
lantic City, September, 1952. 

t Eli Lilly Research Fellow in Chemistry, 1951-52; Fellow of the National Science 


Foundation, 1952-53; present address, Evans Research and Development Corpora- 
tion, New York 17. 
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EXPERIMENTAL 
Materials 


Beef liver catalase (Worthington), obtained as a suspension in saturated 
ammonium sulfate solution, was dissolved by dialysis against distilled 
water or buffer at 4°, then centrifuged at 4°. The preparation had an ac- 
tivity of 1.8 X 10’ wm” sec, assuming 225,000 for the molecular weight, 
and 340 cm! ma for the extinction coefficient at 405 mu (3). Con- 
centrations were determined from optical densities at 405 mu, and by 
biuret determination. The ratio of optical densities at 405 and 280 my 
(D40s/Deg0) was 0.51 + 0.06. Electrophoresis at pH 8.6 showed a princi- 
pal component (about 90 per cent) with a mobility of —3.9 K 10-° cm: 
sec.! volt~! and a slower minor component. 

Pork liver catalase (Armour 30) was received as a soluble powder. It 
had a protein content of 82 + 2 per cent (biuret). The catalase content 
was 27 + 1.2 per cent based on absorption at 405 my. This gave a ratio 
of catalase to protein of 0.33, in agreement with the ratio of optical densi- 
ties (D4o5/Des0) = 0.33 + 0.01. This ratio was employed to indicate the 
fraction of protein that contained heme groups. The activity was 0.84 
+ 0.08 X 10’ mw“ sec, on the same assumptions as for the Worthington 
catalase. Electrophoresis at pH 8.6 showed a principal component (about 
70 per cent) having a mobility of —4.0 * 10-° em2 sec. volt, and a 
slower and a faster component (about 15 per cent each). 

Stock solutions of 1 per cent of Armour crystallized bovine plasma al- 
bumin (BSA) were stored at 4°. The extinction coefficient at 280 my (4) 
showed the BSA to be 92 per cent albumin, in agreement with a dry weight 
determination. Electrophoresis at pH ‘8.6 showed only one component 
which had a mobility of —6.49 K 10-° cm. sec> volt. 

Bovine hemoglobin enzyme substrate powder (Armour) was dispersed 
‘in distilled water at 4°, and centrifuged at 4°. The insoluble fraction 
amounted to 16 per cent. The absorption spectrum of the soluble por- 
tion was in good agreement with the known spectrum (5, 6) of ferrihemo- 
globin. The molecular extinction coefficients (per atom of Fe) of aqueous 
solutions at the peaks were 28,000 at 270 my, 133,000 at 406 my, 8200 at 
500 my, and 3700 at 630 mu. 

Poly(acrylic acid) (PAA) was prepared from glacial acrylic acid (Good- 
rich) distilled at 40 mm. of Hg under nitrogen. The monomer was mixed 
with 4 parts by volume of methyl ethyl ketone, azobisisobutyronitrile 
(Eastman Kodak) added (0.30 per cent of the weight of the monomer), and 
the polymerization was carried out in sealed tubes for 24 hours at 60°. 
The polymer, which precipitated as it formed, was filtered, washed with 
ether, air-dried, dissolved in water, filtered, and dialyzed. The polymer, 
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isolated by freeze-drying, had a specific viscosity of 0.842 at a concentra- 
tion of 1.00 gm. per 100 ml. in 0.01 N HCl at 30.5°. 

Maleic anhydride-styrene copolymer (MAS) was the sample employed 
previously (1). 

Maleic anhydride-vinyl methyl ether copolymer (MAVE) containing 
50 mole per cent of each monomer was obtained from General Aniline and 
Film Corporation. It was described by the manufacturer as having a 
specific viscosity of 2.6 for a solution of 1 gm. per 100 ml. of 2-butanone at 
25°. The polymer was dissolved by hydrolysis with dilute alkali. 

Veronal-acetate buffers were made according to Michaelis (7), except 
that sodium chloride was omitted. 


Apparatus 


Absorption measurements were taken with a Beckman model DU quartz 
spectrophotometer with 1 cm. silica cells. A Cambridge research model 
pH meter was used for pH measurements. An International model PR-1 
refrigerated centrifuge was employed for centrifugation at 2500 r.p.m. 
Dialysis was carried out in Visking seamless cellulose casing. ‘The electro- 
phoresis measurements were made in the apparatus described by Longs- 
worth (8) with a single section cell of 11.0 ml. capacity. 


Analytical Methods 


Assay of catalase activity was by the rapid titration method of Bon- 
nichsen et al. (3) and use of a magnetic stirrer. 

When concentrations of protein solutions were determined by optical 
density, the blanks were buffers of the same composition as the solvents. 
Optical densities were measured at the absorption peaks: 280 and 405 mu 
for catalase, 280 mu for BSA, and 406, 500, and 630 my for ferrihemoglobin. 
Mixtures of catalase and MAS could be analyzed for both constituents by 
taking readings of optical density at 258 and 405 my. The absorption 
spectrum of MAS has already been reported (1). Mixtures of catalase 
and BSA were analyzed by taking readings at 280 and 405 my. With 
mixtures of catalase and ferrihemoglobin, catalase was determined by 
assay, and ferrihemoglobin by optical density. 

Biuret determinations of protein were made with the reagent described 
by Mehl (9), except that cupric chloride was substituted for the sulfate to 
avoid precipitation in the presence of barium ion. 1 ml. of the reagent was 
added to 10 ml. of protein solution with stirring. Optical densities were 
read at 550 my 20 minutes later. 

Electrophoretic measurements were made at 1.0°, at a potential gradient 
of 6.3 volts per cm. on protein solutions that had been dialyzed for 2 days 
at 5° against Veronal buffer (['/2 0.1) of pH 8.6. Concentrations of com- 
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ponents were calculated from planimetric measurements of enlarged trac- 

ings. Mobilities were computed from the descending patterns by meas- 

uring the bisecting ordinate of the refractive index gradient curve. 
Procedures 

Precipitation of Catalase by Polyacids—Precooled solutions of Veronal- 
acetate buffer, catalase, and polyelectrolyte were mixed in glass-stoppered 
centrifuge tubes, then allowed to stand for 1 hour at 0° to come to equilib- 
rium before centrifuging at 4°. After the weights of supernatant solution 
and wet residue were determined, the pH of the former was measured. A 
portion of the supernatant solution was diluted with phosphate buffer 
(1/2 0.1) of pH 7.0. The residue was dissolved in buffer of the same com- 
position. Concentration and activity could be estimated on both diluted 
supernatant material and dissolved residue to determine distribution of 
both protein and activity and total extent of recovery. In some experi- 
ments, potassium thiocyanate or barium chloride solution was included 
in the original mixtures. 

Precipitation of BSA by PAA—The procedure differed from that for 
catalase only in that no assays were performed. 

Precipitation of Ferrihemoglobin by PAA—The procedure was the same 
as in the case of BSA, except that supernatant solutions were diluted and 
residues were dissolved in citrate buffer (0.10 m) of pH 6.1. 

Separation of Catalase and BSA—The procedure was essentially the same 
as in the precipitation of catalase, except that assays of activity were not 
performed unless thiocyanate had been used. In some experiments, bar- 
ium chloride was added. 

Separation of Catalase and Ferrihemoglobin—Except for the substitution 
of citrate for phosphate buffer, the procedure was similar to that for sepa- 
rating catalase and BSA. Emphasis was placed on analyzing the super- 
‘natant solutions. 

Fractionation of Armour Catalase—Optimal conditions for a two-step 
fractionation process utilizing PAA and barium are shown in Fig. 1. In 
the second step equilibrium was approached slowly. Conditions for this 
extraction step were studied extensively by varying pH, concentrations, 
and extraction procedure. A suitable procedure was to disperse the pre- 
cipitate in buffer, then add PAA and BaCh, stir for 3 hours, store for 19 
hours, and then centrifuge, all at 0°. The extract was examined by assay, 
optical density, and biuret determination. 

Preparation of Catalase Fraction for Electrophoresis—A large scale experi- 
ment was conducted to supply material for electrophoretic examination. 
Concentrations of catalase, PAA, and BaCl. were double those of Fig. 1. 
Extraction was carried out by stirring gently for 20 hours at 4°. When 
the extract showed a negative test for PAA, with BaClh, portions were 
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used to measure pH, optical densities, activity, and protein content. Most 

of the extract was dialyzed against distilled water to remove small ions. 

After a negative test for Ba*t*+ was obtained, the volume of the extract 
mo 


was reduced by freeze-drying. It was then dialyzed at 4—5° against buffer 
at pH 8.6 and clarified by centrifugation. 
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Fig. 1. Flow sheet for the two-step process for fractionating Armour catalase 
with PAA and Ba*+. The first step is precipitation; the second step is extraction. 
The dash lines enclose solutions; the solid lines insoluble material. 


RESULTS AND DISCUSSION 


Effect of Polyacid on Catalase Activity—Between pH 6.25 and 8.35 the 
presence of MAS did not influence the activity of the catalase. At lower 
pH values, the effect of the polyacid on activity was similar to that of small 
anions. Thus, for assay purposes at pH 7 it is unnecessary to remove the 
polyelectrolyte from a catalase solution. 

Precipitation of Catalase by Polyacids—The effect of pH on the precipita- 
tion of Armour catalase by three polyacids is shown in Fig. 2. At lower 
polyacid concentrations, the extent of precipitation was less at the peak, 
but the maximum was closer to the isoelectric point. At higher polyacid 
concentrations, complete precipitation was achieved over a wider range of 
pH. Results with Worthington catalase were similar, but showed some- 
what sharper cut-offs, and required smaller amounts of polyelectrolyte to 
achieve complete precipitation. In general, very little precipitation is 
achieved near the isoelectric point (pH 5.6 to 5.7), but under certain con- 
ditions it can be accomplished. For example, 97 per cent of Worthington 
catalase (0.30 mg. of protein per ml.) was precipitated at pH 5.4 by PAA 
(0.0125 mg. per ml.). 

The effect of the polymer to protein ratio at a given pH is shown in 
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Fig. 3 for three polyacids, illustrating that high concentrations of poly. 
electrolyte tend to make the complex soluble. Extremely small amounts 
of polyelectrolyte are required. For example, at pH 5, as little as 0.0125 
mg. per ml. of PAA precipitated 97 per cent of more than 20 times as much 
Worthington catalase. 

By spectrophotometric examination and assay of both supernatant 
solution and residue, it was possible to make a material balance and deter. 
mine recovery of enzyme activity. On the average 97.6 per cent catalase 
was accounted for (standard deviation 3.7); the mean activity recovery 
was 98.5 per cent (standard deviation 5.8). 
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Fig. 2. Effect of pH on the precipitation of Armour catalase (0.50 mg. per ml.) 
by three polyacids in Veronal-acetate buffer. Concentration of polyacids, 0.025 mg. 
per ml. 


Separation of Catalase from Polyacids—In the previous work with BSA 
(1) it had been found possible to separate the complex of BSA and poly- 
(methacrylic acid) by precipitating the polyacid with BaCl.. However, 
no separation of the BSA-MAS complex had been achieved. 

In the present work with catalase, the best separation of the enzyme- 
MAS complex was accomplished in ammonium acetate buffer at pH 7.5 
with 1.00 mg. per ml. of Armour catalase, 0.10 mg. per ml. of MAS, and 
0.010 m BaCl:. These conditions left 75 per cent of the catalase in the 
supernatant solution, while precipitating 85 per cent of the polyacid. 

Complexes of catalase with copolymer MAVE appeared to have similar 
stability. Thus, the behavior of catalase complexes with the two copoly- 
mers contrasted sharply with that of the PAA complex from which the 
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polyacid could be precipitated quantitatively by addition of barium, with- 
out any loss of the enzyme. 

Interaction between Catalase and BSA—To test the applicability of pre- 
cipitation with polyacids to the problem of separating proteins, BSA was 
chosen for synthetic mixtures with catalase, since it is well characterized 
and its precipitation with polyelectrolytes has been studied (1). Further- 
more, serum albumin offers a difficult test because its isoelectric point 
(pH 5.1) is near that of catalase, and because it is known to form com- 
plexes with a variety of proteins, e.g. y-globulin (10, 11) and hemoglobin 
(12). 
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Fic. 3. Effect of protein-polyacid ratio on the precipitation of Armour catalase 
(0.50 mg. per ml.) by three polyacids in Veronal-acetate buffer at pH 4.57 + 0.04. 


The comparison of curves for catalase and for BSA with PAA indicated 
that conditions could be chosen for precipitation of catalase in the presence 
of BSA. For example, in Fig. 4, comparison of the light solid line for 
catalase and the light dash line for BSA would suggest that at very low 
polyacid concentration separation might be accomplished. Instead, the 
results shown by the heavy lines in Fig. 4 were obtained. Other con- 
ditions that were tried always indicated interactions, the precipitation 
peaks occurring under the same conditions for the two proteins in the 
mixture, even though the peaks were widely separated for individual 
precipitations. No precipitation of either protein from mixtures was 
achieved in the interisoelectric region. 

Effect of Thiocyanate—One method of effecting the separation would 
be to widen the interisoelectric region, for example by thiocyanate ion. . 
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The effect of thiocyanate on the isoelectric point of serum albumin has 
been observed by Scatchard and Black (13), and the binding of thiocyanate 
ion by serum albumin has been studied by Scatchard e¢ al. (14). It has 
previously been noted (1) that thiocyanate affected the precipitation of 
BSA by polyelectrolytes. 

Precipitation of catalase by PAA in 0.05 n KSCN was studied exten- 
sively in the range pH 4.6 to 5.2, with polyacid concentrations from 0 to 
0.10 mg. per ml. Thiocyanate had relatively little effect on precipitation 
of catalase by PAA. However, when BSA was studied under similar 
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Fic. 4. Effect of protein-protein interaction on the precipitation of Armour 
catalase (0.50 mg. per ml.) and BSA (2.00 mg. per ml.) by PAA in Veronal-acetate 
buffer at pH 4.93 + 0.04. The solid lines are catalase; the dash lines are BSA. The 
light lines show the results obtained when the two proteins are treated separately. 
The heavy lines show the results of precipitations from mixtures of the two proteins. 


conditions, no precipitation occurred. When mixtures were used, a sub- 
stantial part of the catalase could be precipitated, leaving all the BSA in 
solution, but the extent of precipitation of catalase was depressed by the 
BSA. Although catalase activity is inhibited by thiocyanate, the enzyme 
can be reactivated by dialysis. 

In one experiment, at pH 5.0, in Veronal-acetate buffer and KSCN 
(0.05 n), 93 per cent of Worthington catalase (0.30 mg. of protein per ml.) 
was precipitated by PAA (0.0125 mg. per ml.) without any precipitation 
of BSA (2.00 mg. per ml.). The precipitate had only 7 per cent of its 
original rate of activity, but, after dialysis, the activity was 87 per cent. 
Thus, 1 part of catalase was almost completely separated from more than 
‘6 parts of BSA by using only 1/24 of a part of reagent. 
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Since this method, effective for this case, cannot be considered to have 
wide applicability, a more general procedure was sought. 
Use of Barium—An effective fractionation scheme in which polyelectro- 
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Fia. 5. Effect of barium on the precipitation of catalase and of ferrihemoglobin. 
Curve 1, Armour catalase (0.50 mg. per ml.), PAA (0.050 mg. per ml., 0.0007 base- 
molar); Curve 2, same as Curve 1 plus Ba** (0.0010 m) ; Curve 3, ferrihemoglobin (2.00 
mg. per ml.), PAA (0.20 mg. per ml., 0.00275 base-molar); Curve 4, same as Curve 
3 plus Ba** (0.0008 m). All experiments in Veronal-acetate buffer. 


TABLE I 
Separation of Catalase and BSA by PAA and Ba*+ 




















Armour catalase PAA Bat+ pH Catalase pptd. | BSA pptd. 
mg. per ml. base-molar | M | per cent | per cent 
0.50 0.0007 | 0.0050 5.25 19 | 1 
0.0014 0.0050 5.25 25 0.5 
0.0021 0.000 | 6.22 | 21 | 0 
0.0035 | 0.0050 | 5.19 | 24 0 
0.0070 | 0.0070 | 5.22 | 51 2 
0.0070 | 0.0100 | 5.19 | 44 0 
0.0140 0.0140 | 5.18 | 64 0 
0.0210 0.0210 | 5.10 | 78 0 
| 0.0310 0.0310 | 5.21 | 50 0 
0.20 0.0310 0.0310 | 5.22 | 67 0 
0.10 | 0.0310 0.0310 | 5.22 | 87 0 
0.050 0.0310 0.0310 | 5.22 | 100 0 








Armour BSA concentration, 2.00 mg. per ml., in Veronal-acetate buffer. 


lytes are employed should meet the requirement that precipitation of a 
protein can be achieved close to the isoelectric point. Although this 
could be done with relatively pure (Worthington) catalase under certain 
conditions, small amounts of other proteins (as in Armour catalase) de- 
pressed precipitation near the isoelectric point. 

Addition of barium ion reduces the solubility of the protein-polyacid 
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complexes, extending their stability to higher pH regions, as shown in the 
examples of Fig. 5 for catalase and for ferrihemoglobin. Substantially 
greater precipitation near the isoelectric point is accomplished with a 
small amount of barium ion. 

With this technique, high percentages of the catalase could be precipi- 











TaBLeE II 
Separation of Catalase and Ferrihemoglobin by PAA and Batt 
l | | ond Be 

PAA Ba*+ | pH | Catalase pptd. ———— 
Respeniie M per cent per cent 
0.00275 | 0.0008 5.83 10 92 
0.00550 0.0024 5.78 10 90 
0.0200 0.0100 5.86 0 





Armour catalase concentration, 0.50 mg. per ml., and ferrihemoglobin concentra- 
tion, 2.00 mg. per ml., in Veronal-acetate buffer. 























04 T T T T T T T “T T T 
- A i a ~ 
Q [~~ FRVOUR CATALASE 
S03 4 
ie 
wo 4 
oO 
ad 
- 02 ‘ 
q 
& + 
Zz 
o 4 
WO) 
«a 
” — 
0 1 1 1 ! 1 
50" 52 54 56 58 €0 


Fig. 6. Effect of pH on the fractionation of Armour catalase by PAA and Batt. 
These results are from the experiments of Curve 2 in Fig. 5. 


tated in the presence of large excesses of BSA in the interisoelectric region. 
Examples are shown in Table I. The scheme was very effective at low 
enzyme concentration. For example, the last entry in Table I shows com- 
plete separation of catalase from 40 times as much BSA. 

Separation of Catalase and Ferrihemoglobin—Precipitation of ferrihemo- 
globin by PAA, with and without BaCh, was studied in order to choose 
suitable conditions for separation from catalase. The effect of barium is 
shown in Fig. 5. The precipitates were soluble in citrate buffer. 
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Optimal separation from catalase was near pH 5.8, but complete separa- 
tion was not achieved (Table II). The last entry in Table II shows that 
increasing the barium polyacrylate concentration can prevent precipitation. 

Fractionation of Armour Catalase—The precipitations with barium frac- 
tionated the Armour catalase. For precipitation below the isoelectric 
point, the ratio (D4o5/D2s0) of the supernatant solution was lower than the 
original, whereas above the isoelectric point it was higher (Fig. 6). 

An extension of this scheme offered the possibility of eliminating pro- 
teins of isoelectric points lower and higher than that of catalase, since the 
precipitated catalase can be made soluble by increasing the barium con- 
centration. An increased concentration of polyacid was used to provide 
a larger number of sites for selective adsorption. The two steps of the 
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catalase as a function of the pH of the extraction step of the two-step process shown 
in Fig. 1. The ratio Dyos/Doso for the starting material is shown for comparison. 


method are shown in Fig. 1. In the second step, the curve for the extent 
of extraction (Fig. 7) shows a sharp break at the isoelectric point. 

In order to separate catalase from protein impurities, the two-step pro- 
cedure first left relatively acid proteins in the supernatant solution, then 
left relatively basic proteins adsorbed on the precipitate. 

Evidence of catalase fractionation was found in the substantially in- 
creased ratio of absorptions (Fig. 7) by enhancement of activity and by 
electrophoresis. The ratio of activity to protein (by biuret determination) 
depended on the pH of the extraction step and was increased by 37 to 39 
per cent with extraction in the range pH 5.4 to 6.5. The electrophoretic 
pattern of the main fraction showed much smaller contents of the slow 
and fast minor components than had been observed for the original Ar- 
mour catalase. 


SUMMARY 


1. The precipitation of liver catalase from two sources by three syn- 
thetic polyelectrolytes was studied as a function of pH and ratio of enzyme 
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to polymer. Catalase was completely precipitated from solution by using 
very small amounts of polyacids. The precipitate, when dissolved by 
shift of pH, showed no loss of enzymatic activity, even in the presence of 
polyelectrolyte. This method constitutes a simple means of concentrating 
the activity of the enzyme. 

2. The redissolved complex of catalase and poly(acrylic acid) can be 
dissociated by precipitating the polyacid as barium polyacrylate. Com- 
plexes of catalase with two copolymers of maleic acid are relatively stable; 
they can be dissolved, but no more than partial separation was achieved. 

3. Catalase and bovine serum albumin interact too strongly to be sepa- 
rated by polymeric acids alone. 

4. The use of thiocyanate ion to widen the interisoelectric region per- 
mitted separation of almost all the catalase from larger amounts of serum 
albumin by precipitation of the former with polyacid. The enzyme, in- 
hibited by thiocyanate, was reactivated by dialysis. 

5. The extent of precipitation of catalase by poly(acrylic acid) close to 
the isoelectric point was enhanced by addition of barium ion. 

6. By using barium and poly(acrylic acid) in the interisoelectric region, 
catalase was completely separated from larger amounts of serum albumin. 

7. A high order of separation of catalase and ferrihemoglobin in the 
interisoelectric region was accomplished by use of barium and poly(acrylic 
acid). 

8. An impure catalase was fractionated by precipitation just below the 
isoelectric point with barium and poly(acrylic acid), followed by extraction 
at higher pH with more barium and poly(acrylic acid). Evidence of frac- 
tionation was obtained from absorption spectra, activity measurements, 
and electrophoresis. 

9. The methods involving the use of barium and polymeric acids may be 
generally applicable to fractionation and isolation of proteins and con- 
centration of the activity of enzymes. The techniques are potentially 
useful as preparative methods. 


It is a pleasure to acknowledge the assistance of Mrs. Joan J. Berdick 
in making the electrophoresis measurements, and our indebtedness to Dr. 
G. E. Perlmann of The Rockefeller Institute for Medical Research for 
the use of her apparatus for this purpose. The authors express their ap- 
preciation to Eli Lilly and Company for financial support for this research. 
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Sober, and Peterson, 
89 

Coenzyme A dehydrogenase: Butyryl. 
See Butyryl coenzyme A dehydro- 


genase 
Cyclopentaneglycine: Isoleucine ana- 
logue, Harding and Shive, 401 
Cystinamine: Taurine conversion from, 
Eldjarn, 483 
D 
Decarboxylase: u-Glutumic acid. See 


Glutamic acid decarboxylase 
Dehydroepiandrosterone: Metabolism, 
Ungar, Miller, and Dorfman, 597 
Dehydrogenase: Lutyryl coenzyme A. 
See Butyryl coenzyme A 
genase 
Deoxyribonucleohistone : Thymus, 
Crampton, Lipshitz, and Chargaff, 
499 
Deuterium: Tritium and, as metabolic 
tracers, comparison, Thompson and 
Ballou, 101 
Diabetes: Liver cholesterogenesis mech- 
anism, carbohydrate utilization, re- 
lation, Hotta, Hill, and Chaikoff, 


dehydro- 


835 

Diamine oxidase: Cadaverine metabo- 
lism, relation, Schayer, Smiley, and 
161 
Diphosphopyridine nucleotide: Reduced, 
chemical constitution, Pullman, San 


129 


Kennedy, 


Pietro, and Colowick, 


E 


Electrolyte(s): Poly-synthetic, catalase 
and, interaction, Berdick and Mora- 
welz, 959 

Electron(s): Transport, pyridine nucleo- 
tide-quinone reductase réle, Wosi- 
lait, Nason, and Terrell, 271 


tion, Luck, Griffin, Boer, and Wilson, 
767 

Endometrium: See Uterus 
Enzyme(s): Acetate activating, heart, 
Hele, 671 
Bacterial, phospholipide metabolism, 

Hayaishi and Kornberg, 
647 
Blood adenosine pyrophosphates, frac- 
tionation, Mackler, Foris, and Guest, 
77 

Co-. See Coenzyme 

Intracellular distribution, Kuff and 
Schneider, 677 
8-Mercaptopyruvate desulfuration to 
pyruvate, Meister, Fraser, and Tice, 
561 
Monopalmitoleyl- and monopalmitoyl- 
lecithin. formation, Hanahan, Rod- 
bell, and Turner, 431 
Proteolytic, carboxyl groups, Gladner 


and Neurath, 911 
Transamination reactions, arginine 

and threonine relation, Meister, 
587 


See also Aconitase, Cholinesterase, etc. 
Epicholesterol: Carbon 14-labeled, ab- 
sorption, Hernandez, Chaikoff, Dau- 
ben, and Abraham, 757 


Ergothioneine: Tissue, Melville, Horner, 





and Lubschez, 221 
Escherichia coli: Amino acid biosynthe- 
sis, C'4-glucose isotopic competition, 

335 
L-Glutamie acid decarboxylase, Najjar 
and Fisher, 215 
| Ethionine: pi-, yeast, 5’-ethylthioaden- 
osine formation from, Schlenk and 
Tillotson, 687 
Ethylthioadenosine: 5’-, yeast pu-ethi- 
conversion to, Schlenk and 
Tillotson, 687 

| Evans blue: Blood plasma proteins and, 
combination, polarography, Markus 


Abelson, 


onine 


and Baumberger, 59 
F 
| Fat(s): Liver, choline effect, Harper, 


Monson, Benton, Winje, and Elve 
151 


hjem, 
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Fat(s)—continued: H 
Liver, metabolism, hyperglycemic- rok 
glycogenolytic factor, effect, Hau- Heart: Acetate activating enzyme, Hele, 
gaard and Haugaard, 641 : : , 671 
See also Adipose tissue Valves, hyaluronic acid sulfate ester, 
Fatty acid(s): Oxidizing system, Green, isolation, Deiss and Leon, ‘ 375 
BNE. Mcdter end Bock 1 Heme: Proteins, cleavage, acid, Lewis, 
Mahler, 13 Hexok » Braj 7" 109 
Furacin: Testis citrate formation, effect, exokinase: Brain, adenosinediphos- 
Paul, Paul, Kopko, Bryson, and Har- phate and sulfhydryl reagents, ef- 
vington ; 491 fect, Sols and Crane, 925 
: Hexose phosphate(s): Oxidation, Pseu- 
G domonas fluorescens, mechanism, 
Wood and Schwerdt, 625 


Gelatin: Blood plasma and urine, deter- 
mination, hydroxyproline use, Rog- 
ers, Kimmel, Hutchin, and Harper, 

553 

Glucose: Carbon 14-labeled, Escherichia 
coli amino acid biosynthesis, isotopic 
competition, Abelson, 335 

p-, carbon 14-labeled, Torula utilis, 
utilization, Sowden, Frankel, Moore, 


and McClary, 547 
Glycerol conversion to, Schambye, 
Wood, and Popjék, 875 


Glucuronic acid: Hyaluronic acid bio- 
synthesis, streptococcus group A, 
origin, Roseman, Ludowieg, Moses, 
and Dorfman, 665 

Glutamic acid: Aspartic acid utilization 
in threonine biosynthesis, effect, 
Ravel, Felsing, and Shive, 791 

Glutamic acid decarboxylase: L-, Es- 
cherichia coli, Najjar and Fisher, 

. 215 

Glutamic-aspartic apotransaminase : Co- 
enzyme effect, Meister, Sober, and 


Peterson, 89 
Glutathione thiolesterase: Kielley and 
Bradley, 327 
Glycerol: Asymmetry, biological, Swick 
and Nakao, 883 
Carbon 14-labeled, metabolism, Gidez 
and Karnovsky, 229 
Glucose formation from, Schambye, 
Wood, and Popjék, 875 
Glycine: Cyclopentane-. See Cyclo- 
pentaneglycine 


Guanine: 8-Aza-. See Azaguanine 


Guanosine diphosphate : Mannose, Cabib 
and Leloir, 779 





Hippuric acid: Determination, Gaffney, 
Schreier, DiFerrante, and Altman, 
695 
Histidine: 3-Methyl-. See Methylhisti- 
dine 
Histone: Deoxyribonucleo-. 
oxyribonucleohistone 
Hyaluronic acid: Biosynthesis, strepto- 
coccus group A, Roseman, Ludo- 
wieg, Moses, and Dorfman, 665 
—, — — —, glucuronic acid origin, 
Roseman, Ludowieg, Moses. and Dorf- 


See De- 


man, 665 
Sulfate ester, heart valves, isolation, 
Deiss and Leon, 375 


Hyaluronidase: Heat and hydrogen ion 
concentration effect, Mathews and 


Dorfman, 143 
Testis, extraction and determination, 
colorimetric, Greif, 381 


Hydrocortisone: Urine, isolation and de- 
termination, Burstein and Dorfman, 

607 

Hyperglycemic-glycogenolytic factor: 
Liver fat metabolism, effect, Hau- 
gaard and Haugaard, 641 
Hypertensin: Extraction and _ purifica- 


tion, Clark, Winkler, Gollan, and 
Foz, 717 
I 

Inositol: -Containing lipides, Hawthorne 
and Chargaff, 27 
Intestine: Phosphatase, antibody pro- 
duction and, Schlamowitz, 361 

—, antiserum, specificity, Schlamowitz, 


369 
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SUBJECTS 


Cyclopentaneglycine rela- 
401 


Isoleucine : 
tion, Harding and Shive, 


K 
Ketoglutarate : a-, metabolism, thiamine, 
effect, Wright and Scott, 725 


Kinase(s): Coenzyme A and triphospho- 
pyridine nucleotide synthesis, rela- 


tion, Wang and Kaplan, 311 
L 
Lactose: Neuramin-. See Neuramin- 
lactose 
Lecithin(s): Chromatography, paper, 


Huennekens, Hanahan, and Uziel, 
443 
Lyso-. See Lysolecithin 
Monopalmitoleyl-. See Monopalmito- 
leyllecithin 
Monopalmitoyl-. 
lecithin 
Leucine: Isc-. See Isoleucine 
Lipide(s): Adipose tissue, acetate carbon 


See Monopalmitoyl- 


incorporation, Feller, 171 
Inositol-containing, Hawthorne and 
Chargaff, 27 


Metabolism, vitamin Bi effect, Ling 


and Chow, 797 
Phospho-. See Phospholipide 
Sphingo-. See Sphingolipide 

Liver: Cholesterogenesis, mechanism, 


diabetes, carbohydrate utilization, 
relation, Hotta, Hill, and Chaikoff, 
835 
Cholesterol, acetate carboxyl carbon 
incorporation into, Frantz and Bu- 
cher, 471 
— synthesis, cholesterol feeding ef- 
fect, Frantz, Schneider, and Hinkel- 
man, 465 
Fat, choline effect, Harper, Monson, 
Benton, Winje, and Elvehjem, 151 
— metabolism, hyperglycemic-glyco- 
genolytic factor, effect, Haugaard and 


Haugaard, 641 
Mitochondria, Paigen, 945 
Non-protein sulfhydryl compounds, 

vitamin By effect, Register, 705 


Lysine: Aspartic acid, threonine, and, 
interrelation, Ravel, Woods, Felsing, 
and Shive, 391 
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Lysine—continued: 


a-Keto analogues, Meister, 577 
L-, carbon 14-labeled, metabolism, 
Rothstein and Miller, 243 
Requirements, Rose, Haines, and 
Warner, 421 


Lysolecithin(s): Formation, enzymatic, 
Hanahan, Rodbell, and Turner, 
431 


M 


Mammary gland: Neuramin-lactose iso- 
lation, 7'’rucco and Caputto, 901 
Mannose: Guanosine diphosphate, Ca- 
bib and Leloir, 779 
Mercaptopyruvate: 8-, desulfuration to 
pyruvate, enzymatic, Meister, Fra- 
ser, and Tice, 561 
Metabolism : Turnover, tritium as tracer, 


Thompson and Ballou, 101 
Methylhistidine: 3-, urine, Tallan, 
Stein, and Moore, 825 


Methylnicotinamide: N'-, 2- and 6-py- 
ridones, preparation, Pullman and 
Colowick, 121 
Milk: Amino acid, Soupart, Moore, and 
Bigwood, 699 
Mitochondrium: Aconitase, factors af- 
fecting, Dickman and Speyer, 67 
Heterogeneity, biochemical, Kuff and 
Schneider, 677 
Liver, Paigen, 945 

Monopalmitoleyllecithin : Formation, en- 


zymatic, Hanahan, Rodbell, and 
Turner, 431 
Monopalmitoyllecithin: Formation, en- 
zymatic, Hanahan, Rodbell, and 
Turner, 431 


Muscle: See also Heart 

Mycobacterium smegmatis: Aniline hy- 
droxylation, effect, Sloane, Samuels, 
and Mayer, 751 


N 


Neuramin-lactose : Mammary gland, iso- 
lation, Trucco and Caputto, 901 

Nicotinamide: Methyl-. See Methyl- 
nicotinamide 

Nitric oxide: Formation, bacteria, deni- 
trifying, Najjar and Allen, 209 
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Nitrogen: Formation, bacteria, denitri 

fying, Najjar and Allen, 209 
Nitrous oxide: Formation, bacteria, de- 
200 
9-Aminoacridine de 


nitrifying, Najjar and Allen, 
Nucleic acid(s): 
rivative and, 
Irvin, 39 
8-Azaguanine 


interaction, Trvin and 


incorporation, tumor 


bearing mice, Mandel, Carlé, and 
Smith, 181 
Bacteriophage, nucleotide and poly 
nucleotide, Weed and Courtenay, 735 
Uterine and endometrial, Gold and 
Sturgis, 51 


Nucleoprotein(s): Crampton, Lipshitz, 
and Chargaff, 499 
9-Aminoacridine derivative and, inter- 


action, Jrvin and Irvin, 39 
Nucleotide(s): Bacteriophage nucleic 
acid, Weed and Courtenay, 735 


Diphosphopyridine. See Diphospho 
pyridine nucleotide 

Poly-. See Polynucleotide 

Pyridine. See Pyridine nucleotide 

Triphosphopyridine. See Triphospho 


pyridine nucleotide 


oO 


Ornithine: a-Keto analogues, Meister, 
577 
Transamination reactions, Meister, 
587 
See Diamine oxi- 


Oxidase: Diamine. 


dase 


P 


Pea: Pyridine nucleotide-quinone reduc- 


tase, purification and _ properties, 
Wosilait and Nason, 255 
Peptidase(s): Blood, Fleisher, 637 
Peptide(s): Blood serum, hydrolysis, 
Fleisher, 637 
Phosphatase: Intestine, antibody pro- 
duction and, Schlamowitz, 361 

—, antiserum specificity, Schlamowitz, 
369 


Phosphate(s): Adenosinedi-. See Aden- 
osinediphosphate 
Adenosine pyro-. 


phosphate 


See Adenosine pyro 


INDEX 


continue d: 


Phosphate(s) 
Adenosinet ri See Acenosinet riphos 
phate 
Hexose. See Hexose phosphate 
Phosphatide(s): Plant, Carte) 
Lands, Mueller, and Tomizawa, 613 
Phospholipide(s): Metabolism, bacterial 
enzymes, Hayaishi and Kornberg, 
647 


Serine 


Celmer, 


Phosphoric acid: Serine. See 
phosphoric acid 

Phosphoserine: See also Serine phos- 
phoric acid 

Plant(s): Phosphatides, Carter, Celmer, 


Lands, Mueller,and Tomizawa, 613 


Plasma: Semen proteins, Larson and 
Salisbury, 741 

, electrophoresis, Larson and Salis- 

bury, 741 
Polynucleotide: Bacteriophage nucleic 
acid, Weed and Courtenay, 735 


Portal vein: Amino acids, amino acid in 


gestion effeet, Denton and Elve hje m, 
155 
Potassium : Blood serum, determination, 


photometric, micro flame, Kingsley 


and Schaffert, 807 
Bone, carbonate relation, Bergstrom, 
711 

Prostate: Testosterone metabolism, Wo- 
tiz and Lemon, 525 
Protein(s): Blood plasma, Evans blue 
and, combination, polarography, 


Markus and Baumberger, 59 
— serum, choline. age, and sex, effect, 
Fischer and Garrity, 345 
-, tungstie acid precipitation, Berk- 
man, Henry, Golub, and Segalove, 


937 

Heme, cleavage, acid, Lewis, 109 

Metabolism, choline effect, Fischer and 

Garrity, 345 
Nucleo-. See Nucleoprotein 


Semen plasma, Larson and Salisbury, 


741 

-, electrophoresis, Larson and Salis- 
bury, 741 
Steroid binding, EHik-Nes, Schellman, 
Lumry, and Samuels, $11 


-, solubility, Eik-Nes, Scheliman, 


Lumry, and Samuels, $11 
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SUBJECTS 


Proteolysis: Enzymes, carboxyl groups, 
Gladner and Neurath, 911 
Protozoa: See also Tetrahymena 
Pseudomonas fluorescens: 
drate oxidation, Wood and Schwerdt, 
625 
Hexose phosphate oxidation, mechan- 
ism, Wood and Schwerdt, 625 
Pyridine nucleotide(s): Carbonyl com- 
pounds and, reaction, Burton and 


Carbohy- 


Kaplan, 283 
Choline oxidation, relation, Williams, 
191 


Pyridine nucleotide-quinone reductase: 
Wosilait and Nason, 255 


Wosilait, Nason, and Terrell, 271 
Electron transport, réle, Wosilait, 
Nason, and Terrell, 271 


Pea seeds, purification and properties, 
Wosilait and Nason, 255 
Pyridone(s): 2-, V'-methylnicotinamide, 
preparation, Pullman and Colowick, 
121 
6-, N'-methylnicotinamide, prepara- 
tion, Pullman and Colowick, 121 
Pyruvate: 8-Mercapto-. See Mercapto- 
pyruvate 
8-Mercaptopyruvate desulfuration to, 
enzymatic, Meister, Fraser, and Tice, 
561 
Metabolism, thiamine effect, Wright 
and Scott, 725 


R 


Reductase : Pyridine nucleotide-quinone. 
See Pyridine nucleotide-quinone re- 


ductase 
Ss 
Semen: Plasma proteins, Larson and 
Salisbury, 741 
——, electrophoresis, Larson and Salis- 
bury, 741 


Serine phosphoric acid: Cholinesterase, 
diisopropylphosphory! derivative, 
Schaffer, May, and Summerson, 201 

Sex: Blood serum proteins, choline and, 
effect, Fischer and Garrity, 345 

Sodium: Blood serum, determination, 
photometric, micro flame, Kingsley 
and Schaffert, 807 
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Sodium—continued: 
Bone, carbonate relation, Bergstrom, 
711 
Sphingolipide(s): Biochemistry, Carter, 
Celmer, Lands, Mueller, and Tomi- 


zawa, 613 
Steroid(s): Metabolism, Wotiz and Le- 
mon, 525 


Protein binding, Eik-Nes, Schellman, 
Lumry, and Samuels, 411 

— —, solubility, Eik-Nes, Schellman, 
Lumry,and Samuels, 411 
Streptococcus: Group A, hyaluronic acid 
biosynthesis, Roseman, Ludowieg, 
Moses, and Dorfman, 665 
— biosynthesis, glucuronic 
acid origin, Roseman, Ludowieg, 
Moses, and Dorfman, 665 
Succinic acid: Oxidation, Tetrahymena 
pyriformis effect, Eichel, 159 
Sulfhydryl compound(s): Liver and 
blood, non-protein, vitamin By ef- 
fect, Register, 705 
Sulfhydryl reagent(s): Brain hexokin- 


ase, effect, Sols and Crane, 925 

T 
Taurine: Cystinamine conversion to, 
Eldjarn, 483 
Testis: Citrate, furacin effect, Paul, 


Paul, Kopko, Bryson, and Harring- 

491 

Hyaluronidase, extraction and deter- 

mination, colorimetric, Greif, 381 

Testosterone: Deuterium-labeled, Fuku- 
shima, Dobriner, and Gallagher, 

845 

Fate, Fukushima, Bradlow, Dobriner, 


ton, 


and Gallagher, 863 
Metabolism, prostatic tissue, Wotiz 
and Lemon, 525 


Tetrahymena pyriformis: Succinic acid 

oxidation, effect, Eichel, 159 

Thiamine: Pyruvate and a-ketoglutarate 

metabolism, effect, Wright and Scott, 

725 

Thiolesterase: Glutathione. See Gluta 
thione thiolesterase 

Threonine: Aspartic acid 

interrelation, Ravel, Woods, Felsing, 

and Shive, 391 


lysine, and, 
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Threonine—continued: 

Biosynthesis, aspartic acid utilization, 
glutamic acid effect, Ravel, Felsing, 
and Shive, 791 

Thymine-6-carboxylic acid: Carbon 14- 
labeled, synthesis and biochemistry, 
Holmes and Prusoff, 817 

Thymus: Deoxyribonucleohistone meta- 
bolism, Crampton, Lipschitz, and 
Chargaff, 499 

Torula utilis: C'‘-p-Glucose utilization, 
Sowden, Frankel, Moore, and McClary, 

547 

Transaminase: Glutamic-aspartic apo-. 
See Glutamic-aspartic apotransam- 
inase 

Transamination: Enzymatic, arginine 
and ornithine, Meister, 587 


Triphosphopyridine nucleotide : Kinases, | 


synthesis relation, Wang and Kaplan, 

311 

Tritium: Deuterium and, as metabolic 

tracers, comparison, Thompson and 

Ballou, 101 

Metabolic turnover, use as tracer, 

Thompson and Ballou, 101 

Tryptophan: Requirements, Rose, 
Haines, and Warner, 

421 

Tumor: -Bearing mice, nucleic acids, 8- 

azaguanine incorporation, Mandel, 

Carlé, and Smith, 181 

Tungstic acid: Blood proteins, precipita- 

tion, Berkman, Henry, Golub, and 

Segalove, 937 








INDEX 


U 


Urine: Gelatin, determination, hydroxy- 
proline use, Rogers, Kimmel, Hut- 
chin, and Harper, 553 

Hydrocortisone, isolation and deter- 
mination, Burstein and Dorfman, 

607 

3-Methylhistidine, Tallan, Stein, and 

Moore, 825 

Uterus: Endometrium, nucleic 
Gold and Sturgis, 

Nucleic acid, Gold and Sturgis, 


Vv 


acid, 


Vasopressin: Performic acid-oxidized, 
amino acid sequence, Popenoe and du 
Vigneaud, 353 

Vitamin(s): B,., carbohydrate metabo- 
lism, effect, Ling and Chow, 797 

—, lipide metabolism, effect, Ling and 
Chow, 797 
—, liver and blood non-protein sulf- 
hydryl compounds, effect, Register, 
705 
xX 


Xanthosine: Aerobacter aerogenes guan- 
ineless mutant, Magasanik and Brooke, 
83 


Y 


Yeast: 5’-Ethylthioadenosine formation 
from pui-ethionine, Schlenk and Til- 
lotson, 687 

See also Torula 














